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ABSTRACT 
Coastal bays and salt marshes are buffer zones located at the interface between land and 
ocean, and provide ecologically and commercially important services worldwide. 
Unfortunately, their location makes them vulnerable and sensitive to sea-level rise (SLR), 
reduced sediment loads and anthropogenic modifications of the shoreline. Sediment 
budget and sediment availability are direct metrics for evaluating the resilience of salt 
marshes and coastal bays to various stressors (e.g. SLR). Salt marshes requires adequate 
sediment inputs to maintain their elevation with respect to sea level. Understanding 
sediment trajectories, sediment fluxes and sediment trapping capacities in different 
geomorphic unit facilitates efficient restorations and coastal management. In this research 
I used remote sensing, field observations and numerical modelling in the Plum Island 
Sound in Massachusetts, USA, to explore mechanisms controlling sediment dynamics 
and their feedbacks with SLR.  
The analysis of remote-sensed suspended sediment concentrations (SSC) reveals that a 
5-year record (2013-2018) is sufficient to capture a representative range of
meteorological and tidal conditions required to determine the main drivers of SSC 
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dynamics in hydrodynamically-complex and small-scale coastal bays. The interplay 
between river and tidal flows dominated SSC dynamics in this estuary, whereas wind-
driven resuspension had a more moderate effect. The SSC was higher during spring 
because of increased river discharge due to snowmelt. Tidal asymmetry also enhanced 
sediment resuspension during flood tides, possibly favoring deposition on marsh 
platforms. Together, water level, water-level rate of change, river discharge and wind 
speed were able to explain > 60% of the variability in the main channel SSC, thereby 
facilitating future prediction of SSC from these readily available variables. 
To determine the fate of cohesive sediments and spatial variations of trapping capacity in 
the system, a high-resolution (20 m) numerical model coupled to a vegetation module 
was developed. The results highlight the importance of the timing between sediment 
inputs and tidal phase and show that sediment discharged from tidal rivers deposit within 
the rivers themselves or in adjacent marshes. Most sediment is deposited in shallow tidal 
flats and channels and is unable to penetrate farther inside the marshes because of the 
limited water depths and velocities on the marsh platform. Trapping capacity of sediment 
in different intertidal subdomains decreases logarithmically with the ratio between 
advection length and the typical length of channels and tidal flats. Moreover, sediment 
deposition on the marsh decreases exponentially with distance from the channels and 
marsh edge. This decay rate is a function of settling velocity and the maximum value of 
water depth and velocity on the marsh platform. 
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Bed sediment compositions were generated to further explore feedbacks between SLR, 
sediment dynamics and morphological changes. The results show SLR increases tidal 
prism and inundation depth, facilitating sediment deposition on the marsh platform. At 
the same time, SLR enhances ebb-dominated currents and increases sediment 
resuspension, reducing the sediment-trapping capacity of tidal flats and bays, leading to 
a negative sediment budget for the entire system. This bimodal distribution of sediment 
budget trajectories will have a profound impact on the morphology of coastal bays, 
increasing the difference in elevation between salt marshes and tidal flats and potentially 
affecting intertidal ecosystems. The results also clearly indicate that landforms lower with 
respect to the tidal frame are more affected by SLR than salt marshes.  Therefore, Salt 
marshes, shallow bays, tidal flats, and barrier islands are inherently and physically 




More than 10 percent of the world's population lives in the Low Elevation Coastal Zone 
(LECZ), which occupies only 2 percent of the land surface worldwide. The LECZ, 
defined as the area within 10 m elevation above mea sea level, is increasingly exposed to 
human perturbations and climate-driven disasters (McGranahan et al. 2007; Syvitski et 
al. 2009; Neumann et al. 2015). Coastal bays are ecologically and commercially valuable 
landforms that are typically composed of salt marshes and tidal flats (Redfield 1972). 
They support biodiversity, improve water quality by filtering nutrients and pollutants, 
provide stopover and breeding habitats for birds, mitigate river floods, protect against 
storm damage, and sequester carbon in the soil (Fagherazzi et al. 2012a; Kirwan et al. 
2016; Morris et al. 2002).  
Unfortunately, marsh losses and conversion to open water have been reported worldwide, 
and attributed to relative sea level rise (SLR), reduced sediment supply and eutrophication 
(Horton et al. 2018; Deegan et al. 2012; FitzGerald et al. 2008; Reed 1995). Deterioration 
of marshes and erosion in this vulnerable buffer zone arise inevitable concerns in terms 
of flood risks along densely settled coastlines. The main mechanisms of restorations are 
the potential for marshes to migrate inland (Kirwan et al. 2016), and the sediment budgets 
available for marshes to build land vertically and laterally faster than drowning caused 
by SLR (French 2006; Fagherazzi et al. 2013a; Leonardi et al. 2016;  Ganju et al. 2017; 
Schuerch et al. 2018). Considering the constrains of inland migration of marshes due to 
urban land use and levees (Kirwan and Gedan 2019), understanding sediment 
trajectories, 
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sediment trapping capacities and sediment exchange among different geomorphic units 
is crucial for successful restorations and coastal management in the long term.  
It is therefore essential to combine field observations, remote sensing, and numerical 
modelling to understand sediment dynamics, especially in small-scale marsh dominated 
estuaries, because each method has its limitations. Point measurements of sediment 
depositions on marsh platforms using the Rod Surface Elevation Table (RSET), and 
suspended sediment concentrations (SSC) in channels (Temmerman et al. 2003; Kearney 
et al. 2017) cannot capture spatial variations.  On the contrary, remote-sensed SSC can 
well capture the spatial distribution of SSC but it is limited by the revisit time intervals 
of satellites (D'Sa et al. 2007; Miller and McKee 2004; Fichot et al. 2016; Hudson et al. 
2017;  Fettweis and Nechad 2010; Eleveld et al. 2014). A revisit time of days can hardly 
capture sediment dynamics where SSC varies in minutes to hours with wind waves and 
periodical tides.  
Numerical simulations can compute water flow and sediment transport at high temporal 
and spatial resolution, isolate forcing variables to better understand physical feedbacks, 
and predict the resilience of salt marshes to disturbances. More recently, several 
researchers predicted salt marsh resilience to SLR using newly developed and process-
based models that explicitly addressed spatial ecogeomorphic dynamics (Belliard et al. 
2016; Best et al. 2018). These models combine a dynamic vegetation module that includes 
vegetation establishment, growth, diffusion and inundation to a hydrodynamic module, 
interactively updating vegetation and flow resistance parameters after each time step. 
x
However, the simplified physical processes, poorly understood physical feedbacks, and 
lack of bottom sediment data could lead to errors, limiting the quantitative comparison 
and evaluation.  
This dissertation aims at exploring sediment dynamics and controlling factors by field 
measurements and remote sensing (Chapter 1), spatial variations of sediment deposition 
and trapping capacity (Chapter 2), and the effect of SLR on sediment budgets using 
numerical modelling (Chapter 3) in a mesotidal salt marsh system, Plum Island Sound, 
Massachusetts.  
Calculating accurate sediment budgets is challenging in tidal marsh-influenced estuaries 
where suspended sediment concentrations (SSC) typically vary on scales of hours and 
hundreds of meters, and where SSC dynamics are driven by a complex and often site-
specific interplay of hydrodynamic and meteorological conditions. The mapping of SSC 
using ocean-color remote sensing is well established and can help capturing the spatio-
temporal variability of SSC and determine the dominant drivers regulating sediment 
budgets. However, the coarse spatial resolution of traditional ocean-color sensors (1-km) 
generally precludes their use in coastal-marsh estuaries. Chapter 1 uses the existing record 
of high-spatial-resolution data from the Landsat-8 OLI and Sentinel-2 MSI between 2013 
and 2018 to assess whether these images can provide a realistic representation of SSC 
dynamics, and evaluate the roles of hydrodynamic and meteorological drivers in 
regulating the SSC distribution, despite the long revisit-time of these sensors.  
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Deposition of fine sediments on a marsh platform favors accretion that counteracts SLR. 
However, it is difficult to assess the sediment trapping capacity of a marsh given the 
heterogeneity of sediment sources and the geometric complexity of the system, with a 
network of dendritic and meandering creeks dissecting the intertidal area. Chapter 2 
builds a high-resolution (~20 m) model to determine the fate of cohesive sediments in the 
system. Specifically, it will explore the sediment trapping capacity of different marsh 
subdomains by releasing sediments at different locations, at different instants within the 
tidal cycle, and with sediment grain sizes ranging from clay to silt. Furthermore, 
characteristic scales of sediment deposition and factors controlling suspended sediment 
transport over the marsh platform are analyzed in order to clarify the mechanisms. 
Recent studies evaluating the resilience of salt marshes to SLR mainly focused on salt 
marshes, devoting little attention to the stability of physically connected tidal flats that 
are crucial for the resilience of the entire coastal bay system. We still do not fully 
understand how SLR affects hydrodynamic and sediment transport patterns in bays, 
ultimately determining the trapping capacity of sediments on marsh platforms and the 
sediment budget of entire systems. Chapter 3 further explores with a numerical model the 
influence of different SLR scenarios on tidal flows, bottom erosion, resuspension of bed 
sediments, and trapping capacity of cohesive and non-cohesive sediments within the 
entire system. Identification and quantification of positive and negative feedbacks 
between different drivers and sediment transport is critical in order to advance our 
understanding of coastal evolution.  
xii 
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CHAPTER 1. Determining the drivers of suspended sediment dynamics in tidal 
marsh-influenced estuaries using high-resolution ocean color remote sensing 
The content of this chapter was published in 2020 in Remote Sensing of Environment. 
This paper was co-authored by Cédric G. Fichot, Carly Baracco, Sergio Fagherazzi 
(Department of Earth and Environment, Boston University), Neil Ganju (Woods Hole 
Coastal and Marine Science Center, USGS), Ruizhe Guo, Sydney Neugebauer, Zachary 
Bengtsson (NASA DEVELOP National Program). 
1.1 Introduction 
 
Shallow bays surrounded by salt marshes are a buffer zone between the land and the ocean. 
These bays protect biodiversity, enhance water quality, mitigate river floods, protect from 
storms and sequester carbon (Fagherazzi et al. 2012a; Fagherazzi et al. 2013b; Kirwan et 
al. 2016). Salt marshes are nourished with sediment by tides and maintain their elevation 
with respect to sea level if sediment inputs are adequate (Fagherazzi et al. 2013a; Ganju 
et al. 2017; Kirwan and Murray. 2007). Sediment deficiency in coastal waters has become 
widespread in the last century because of sediment trapping in upstream dams and soil 
conservation practices (Dai et al. 2016; Syvitski et al. 2009; Walling 2006; Yang et al. 
2011). Variations in riverine sediment inputs and associated suspended sediment 
concentration (SSC) could exert a pronounced influence on the morphological stability 
of the intertidal landscape and its ecosystems. SSC are associated with lower oxygen 
concentration especially in the estuarine turbidity maxima zone, and affects the spatial 
distribution of algal blooms by inhibiting algae growth (Carr et al. 2016; Hudson et al. 
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2017; De Swart et al. 2009). Reduced riverine sediment inputs could starve shorelines 
leading to wetlands loss (Blum and Roberts 2009; Fagherazzi et al. 2015). SSC data are 
also instrumental for the reliable calculation of sediment budgets in coastal systems 
(Ganju et al. 2015). It is therefore imperative to accurately measure SSC in marsh-
influenced estuaries (Lawson et al. 2007).  
The dynamics of estuarine suspended sediment transport has been extensively studied 
using in-situ measurements (Dyer et al. 2004; Li and Zhang 1998; Fagherazzi et al. 2017), 
lab flume experiments (Widdows et al. 1998), and numerical modeling (Fagherazzi et al. 
2012a; Van der Wegen 2013). Recent studies have characterized the effect of density 
driven flows (Traykovski et al. 2000), tidal asymmetry (Van der Wegen 2013), wind-
induced waves (Mariotti et al. 2010), stratification and flocculation (Winterwerp 2002) 
on sediment dynamics. However, these processes are difficult to study due to limited 
spatial resolution of field observations and sparse bottom data available for numerical 
modelling (Staneva et al. 2009, Wiberg et al. 2020).  Remote sensing data can bridge this 
data gap. For example, remote sensing can trace the spatio-temporal variations of 
turbidity maxima and frontal eddies in estuaries (Hudson et al. 2017; Jay et al. 2015; 
Ribbe et al. 2018; Everett et al. 2012). In addition, spatial distributions of SSC obtained 
from remote sensing can be set as initial conditions or used for validation, improving 
accuracy of numerical modeling (Staneva et al. 2009). 
High-quality radiometry from the Landsat-8 OLI and Sentinel-2 MSI now offer the 
possibility to derive high-spatial-resolution maps of SSC with reasonable accuracy in 
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nearshore regions. Moderate resolution optical remote sensing (spatial resolution > 300 
m) has been extensively used to study suspended sediment dynamics in coastal 
environments around the world (D'Sa et al. 2007; Miller and McKee 2004; Mao et al. 
2012; Cao et al. 2017; Hudson et al. 2017;  Fettweis and Nechad 2010; Eleveld et al. 
2014), but has very limited applicability in nearshore coastal areas, and particularly in 
enclosed bays and estuaries. However, the improved radiometric and spatial resolution of 
new sensors like the Landsat-8 OLI (30-m spatial resolution) of Sentinel-2 MSI (10-m 
spatial resolution) can now facilitate the study of suspended sediments dynamics in such 
nearshore environments. For instance, Gernez et al. (2015) used such data to explore the 
influence of river topography and tidal shoals geometry on the distribution of SSC in the 
Gironde and Loire estuaries. Vanhellemenont and Ruddick (2014) also used remote 
sensing to showcase the effects of wind turbines on sediment resuspension in the English 
Channel, and Snyder et al. (2017) employed similar methods to facilitate the selection of 
sites for oyster aquaculture. Using airborne imaging spectroscopy (2.5-m spatial 
resolution), Fichot et al. (2016) illustrated the importance of very-high-spatial-resolution 
images to study the drivers of turbidity and SSC in wetland channels and bays. None of 
these studies have directly used remote sensing to quantitatively assess the roles of tides, 
wind, and river discharge in driving SSC dynamics, particularly in marsh-influenced 
estuaries. Eleveld et al. (2014) derived SSC maps from 84 full-resolution MERIS data 
(300-m) over the Westerschelde estuary (Netherlands), but only classified them based on 
flood-ebb tidal stages and seasons.  
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Here, we leverage the existing record of high-spatial-resolution data from the Landsat-8 
OLI and Sentinel-2 MSI to evaluate whether these images can provide a realistic 
representation of SSC dynamics in tidal marsh-influenced estuaries, despite the long 
revisit-time of these sensors. Using the Plum Island Estuary (PIE; Massachusetts, USA) 
as a representative example, we assess whether this remote-sensing record can provide 
sufficient spatio-temporal information in such dynamic and heterogeneous coastal 
systems. In situ measurements are used to develop and validate local and sensor-specific 
empirical algorithms applicable to OLI and MSI imagery of the Plum Island Estuary. The 
algorithms are implemented on every clear image obtained between May 2013 and 
August 2018, and the derived SSC maps were used to quantitatively evaluate the role of 
river discharge, wind speed and direction, flood-ebb tidal stage, and episodic events of 
river floods and storms in regulating the SSC distribution along the thalweg of the Plum 
Island Estuary. A simple model to predict the SSC along the estuary from these physical 
drivers is also developed and presented. 
1.2 Study site 
Plum Island Estuary is a tidally-dominated and marsh-influenced estuary that represents 
the largest saline wetland in New England (Fig. 1.1). Located in Massachusetts (USA), 
the estuary covers an area of 59.8 km2, 60% of which are salt marshes dominated by 
Spartina alterniflora and Spartina patens. The estuary includes a primary sound that is 
about 1500 m wide at the inlet. Three distinct rivers discharge into the sound: the Parker, 
Rowley and Ipswich Rivers. The mouths of these rivers are approximately 500 m wide 
for the Parker River, and 300 m wide for Rowley and Ipswich Rivers. 
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Tidal range changes from 2.2 m to 3.6 m during neap-spring tidal modulation, with a 
mean tidal range of 2.9 m (LTER [Long Term Ecological Research] Tidal Station A in 
Fig. 1.1). The averaged depth of the sound is 3.0 m, with extensive shallow tidal flats 
exposed at low tide (Zhang et al. 2019). The freshwater discharge of the rivers displays 
strong seasonal variability. For example, the monthly mean discharge of the Parker River 
peaks at 2.41 m3/s in March and drops to less than 0.18 m3/s in August. Similarly, the 
Ipswich River discharge ranges from 12.86 m3/s to 1.19 m3/s (Fig. 1.2). The river 
discharge of the Rowley River is approximately 1/5 of the Parker River based on the ratio 
of watershed areas (Zhao et al. 2010, Hopkinson et al. 2018). The combined monthly 
freshwater discharge from the three rivers typically ranges from 1.40 m3/s to 15.40 m3/s 
but is generally negligible compared to the tidal prism (Fagherazzi et al. 2014). The tidal 
phase delay from the inlet to the upper bay near the mouth of the Parker River is 
approximately 30 minutes (Zhao et al. 2010). 
Wind-wave induced bottom shear stresses act mainly on shallow tidal shoals, and are one 
order of magnitude smaller than the stresses triggered by tidal currents flowing in the 
deep channels of the sound. Analysis of bed samples shows that the fraction of silt and 
clay is 5.2 % in the sound and reaches 20% with finer mean grain sizes of 142 µm in the 
rivers (Fagherazzi et al. 2014). Sea level is rising at about 2.8 mm yr-1 in this region 
(Claessens et al. 2006; Hopkinson et al. 2018). Hundreds of small dams present in the 
rivers watersheds reduce the sediment load, alter river flow dynamics, and influence both 




Figure 1.1 (A) Location of the Plum Island Estuary in Massachusetts, USA and 40 
sampling sites. (B) Locations of the Parker, Rowley and Ipswich Rivers. Numbers of 0-
11 km (red triangles) indicate distances along the thalweg of the sound (green line) from 
the mouth of the Parker River to the Ocean. Yellow dots indicate 26 sites sampled in 2018. 
The long-term observation station A is at the Ipswich Bay Yacht Club pier and belongs 




Figure 1.2 (A) Parker River monthly discharge recorded at USGS station 01101000. (B) 
Ipswich River monthly discharge recorded at USGS station 01102000. 
 
1.3 Materials and methods 
1.3.1 In situ measurements 
 
A total of 40 stations were sampled in the Plum Island Estuary and in Massachusetts Bay 
during October and November 2017 and from May to July 2018 (Fig. 1.1, Table 1.2). 
Most  of the samples were collected in the Plum Island Estuary and the few samples (7) 
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collected in Massachusetts Bay were used as ocean end-members to help improve the 
performance of the algorithm at low suspended sediment concentrations.  
Suspended Sediment Concentration (SSC): Surface water samples (0.5 m depth) were 
collected using a 4-L horizontal Van Dorn sampler. The entire sample was drained in a 
4-L amber high-density-polypropylene (HDPE) bottle and kept on ice in a cooler or at 
4oC until analysis, usually within a few hours of sampling. Samples were analyzed for 
suspended sediment concentration in the laboratory following the protocol of 
Neukermans et al. (2012). A volume ranging 0.5 L to 2 L of sample water (depending on 
in situ measured turbidity) was filtered on pre-weighed GF/F glass microfiber filters with 
a pore size of 0.7 µm, rinsed with at least 250-mL of high-purity water (Milli-Q), and 
dried at 75oC for 24 h. Weights of the filter were measured using a Sartorius Cubis 
MSE3.6P000DM Microbalance.  
Turbidity: A YSI ProDSS Multiparameter Water Quality Meter with sensors for 
temperature, conductivity, depth, dissolved oxygen, chlorophyll-a fluorescence, and 
turbidity (infrared detector, 90o, Formazin Nephelometric Unit (FNU)) was deployed at 
each station in the Plum Island Estuary during the May-July 2018 time period (not 
available for 2017 sampling). Turbidity measurements were collected with a sampling 
rate of 1 Hz for 1-2 min at each station, and the average was calculated after removal of 
outliers (any data above 2 times the standard deviation). The YSI ProDSS was also 
equipped with a GPS, and in some cases the YSI ProDSS was used to make underway 
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measurements just below the surface (0.1 - 0.2 m depth) from the bow of the boat and 
away from bubbles produced during the boat’s movement. 
Spectral remote-sensing reflectance (Rrs()): The spectral remote-sensing reflectance of 
the water, Rrs(), was measured wherever water samples for SSC were collected. 
Measurements were only made when water was deeper than 3 m or was attenuating 
enough than the bottom evidently had minimal influence on the Rrs(). Two different 
approaches were used (Fig. 1.3). For a total of 14 stations, Rrs() was determined from 
vertical optical profiles of upwelling radiance and downwelling irradiance acquired with 
a Biospherical® Compact Optical Profiling System (C-OPS) (Morrow 2010). The C-OPS 
was deployed off the side of a zodiac (Plum Island Estuary stations) or from the stern of 
the research vessel R/V Auk (Massachusetts Bay stations, and the optical profiles were 
always performed at least 20 m from the boat and on the sunny side in order to avoid the 
boat’s shadow). The optical profiles were then used to derive Rrs() just above the surface 
and at 19 wavelengths from 305 nm to 780 nm (including red bands at 625 and 665 nm) 
using well-established protocols described in Antoine et al. (2013) and Hooker et al. 
(2013). At least three profiles were done at each station, and the average Rrs() for the 
three profiles was used. For the other 26 samples (all in Plum Island Estuary), Rrs() was 
determined at 1 nm spectral resolution from 350-1000 m using an ASD® Handheld-2-
Pro spectrometer and following the recommended procedure described in Mobley (1999). 
Briefly, the handheld spectrometer was used to measure radiance (here in digital counts) 
from three targets at each station: 1) reflected sunlight from a Spectralon® plate (average 
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of ~10 measurements), 2) skylight measured at 40o from the zenith and at 135o from the 
Sun’s azimuthal plane (average of ~10 measurements), 3) water radiance measured at an 
angle of 40o from Nadir and at 135o from the Sun’s azimuthal plane (average of ~10 
measurements). All measurements of the three targets were made within 5 mins while 
illumination conditions were stable (e.g., no variable cloud conditions). Note all ASD 
measurements were made during relatively clear-sky conditions, with occasionally some 
high cirrus clouds. Remote-sensing reflectance was estimated as in equation  
             Rrs() = (Lwater – *Lsky)/(*Lspectralon /)                             (1.1) 
where Lwater is the measured radiance of the water,  Lsky is the measured skylight radiance, 
and  is the fraction of skylight reflected at the air-water interface at 40o incidence angle 
and with dependence on wind-speed. Lspectralon is the measured radiance of the Spectralon 
plate,  is a factor to convert radiance to irradiance assuming the Spectralon plate is a 
Lambertian surface, and  is the reflectance of the Spectralon plate (typically > 99%, but 
with some spectral dependence). In order to provide a more accurate value for wind 








Table 1.1 Parameters of different sensors  




4 654.59 37.47 30 
Sentinel-2A/2B 4 665 30 10 
 
 
Figure 1.3 Remote-sensing Reflectance (Rrs) spectra of water samples for different SSC, 
measured by (A) Compact Optical Profiling System (C-OPS) and (B) ASD® Handheld-
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2-Pro spectrometer. Note (A) shows all the 14 samples, (B) only show 18 samples instead 
of 26 samples for ease of visualization. 
 
Table 1.2 Locations, date, SSC and Rrs (λ) measurement methods of all 40 water samples. 
C-OPS: Compact Optical Profiling System, is used to derive Rrs (λ) at 19 wavelengths 
from 305 nm to 780 nm (including red bands at 625 and 665 nm). ASD: ASD® Handheld-
2-Pro spectrometer, is used to derive Rrs(λ) at 1 nm spectral resolution from 350-1000 m. 




1 PIE_01 11/4/2017 11:43 42.7289 -70.8457 5.92 C-OPS  
2 PIE_02 11/4/2017 12:19 42.7314 -70.8345 2.13 C-OPS  
3 PIE_03 11/4/2017 12:47 42.7266 -70.8156 1.26 C-OPS  
4 PIE_04 11/4/2017 13:08 42.7142 -70.8145 1.86 C-OPS  
5 PIE_05 11/4/2017 13:36 42.7078 -70.7939 2.72 C-OPS  
6 PIE_06 11/4/2017 14:06 42.6973 -70.7866 3.73 C-OPS  
7 PIE_07 11/4/2017 15:06 42.7248 -70.8553 28.94 C-OPS  
8 NI01 10/16/2017 11:00 42.1678 -70.7039 0.92 C-OPS  
9 NI02 10/16/2017 12:15 42.1601 -70.6946 1.36 C-OPS  
10 NI03 10/16/2017 13:20 42.1366 -70.6719 0.95 C-OPS  
11 SSB01 10/18/2017 14:30 42.1902 -70.2651 0.76 C-OPS  
12 SSB02 10/18/2017 13:19 42.1563 -70.2062 0.39 C-OPS  
13 SSB03 10/18/2017 11:51 42.1378 -70.3383 0.51 C-OPS  
14 SSB04 10/18/2017 10:30 42.1395 -70.4058 0.70 C-OPS  
15 PIE_061218_S01 6/12/2018 9:26-9:32 42.7619 -70.83772 21.71 ASD 
16 PIE_061218_S02 6/12/2018 10:01-10:05 42.7585 -70.82822 9.88 ASD 
17 PIE_061218_S03 6/12/2018 10:40 -10:44 42.7467 -70.82003 4.48 ASD 
18 PIE_061218_S04 6/12/2018 11:11-11:15 42.7376 -70.802 1.94 ASD 
19 PIE_061218_S05 6/12/2018 11:38-11:43 42.7337 -70.80152 1.02 ASD 
20 PIE_062118_S01 6/21/2018 9:51-9:56 42.6921 -70.76372 1.36 ASD 
21 PIE_062118_S02 6/21/2018 10:25-10:38 42.694 -70.781 1.29 ASD 
22 PIE_062118_S03 6/21/2018 10:58-11:10 42.7095 -70.79384 2.24 ASD 
23 PIE_062118_S04 6/21/2018 11:28-11:42 42.7114 -70.8085 3.95 ASD 
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24 PIE_062118_S05 6/21/2018 12:08-12:17 42.72 -70.813 6.90 ASD 
25 PIE_062718_S01 6/27/2018 15:12-15:55 42.7282 -70.80443 6.10 ASD 
26 PIE_062718_S02 6/27/2018 15:45-15:55 42.7315 -70.83808 6.26 ASD 
27 PIE_062718_S03 6/27/2018 16:11-16:21 42.7252 -70.85494 8.59 ASD 
28 PIE_070318_S01 7/3/2018 8:15-8:19 42.7249 -70.85501 8.44 ASD 
29 PIE_070318_S02 7/3/2018 8:37-8:39 42.729 -70.84537 8.25 ASD 
30 PIE_070318_S03 7/3/2018 8:51-8:54 42.7319 -70.83803 9.93 ASD 
31 PIE_070318_S04 7/3/2018 9:16-9:18 42.727 -70.80878 3.40 ASD 
32 PIE_070318_S05 7/3/2018 9:53-9:55 42.75 -70.82147 11.59 ASD 
33 PIE_070318_S06 7/3/2018 10:11-10:14 42.7417 -70.81526 9.28 ASD 
34 PIE_071118_S01 7/11/2018 9:22-9:23 42.682 -70.83028 7.33 ASD 
35 PIE_071118_S03 7/11/2018 10:26-10:27 42.7252 -70.85492 6.77 ASD 
36 PIE_071118_S04 7/11/2018 10:53-10:55 42.7629 -70.84653 11.90 ASD 
37 MR_071918_S01 7/19/2018 10:51-10:54 42.8127 -70.85472 7.65 ASD 
38 MR_071918_S02 7/19/2018 11:09-11:11 42.8135 -70.86009 7.67 ASD 
39 MR_071918_S03 7/19/2018 11:31-11:33 42.817 -70.84015 7.37 ASD 
40 MR_071918_S04 7/19/2018 11:57-11:59 42.8095 -70.82726 8.11 ASD 
 
1.3.2 Development of local empirical algorithms for the retrieval of SSC from 
OLI and MSI 
 
The paired in situ measurements of SSC and Rrs() described above were used to derive 
simple empirical algorithms that can be implemented on OLI and MSI imagery. It is well 
established that the Rrs in the red or near-infrared region can be used as a sensitive 
predictor of SSC in waters where suspended sediments are important drivers of optical 
variability (Nechad et al. 2010, Giardino et al. 2010, Vanhellemont and Ruddick 2014, 
Fichot et al. 2016, Constantin et al. 2018). Not surprisingly, Rrs in the red region was also 
strongly and non-linearly related to SSC in this system (Fig. 1.4). In order to develop 
algorithms specifically applicable to the Landsat-8 OLI and the Sentinel-2A/B MSI, the 
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relative spectral responses of the OLI and MSI red bands were used to calculate spectrally 
weighed remote-sensing reflectance from the hyperspectral in situ Rrs() measured with 
the ASD. As described in Pahlevan et al. (2017a), the spectrally weighed remote-sensing 
reflectance over the center wavelength c = 655 nm (OLI) and c = 665 nm (MSI) was 








                                                   (1.2) 
where 𝑅𝑟𝑠(𝜆𝑐) is the remote-sensing reflectance spectrally weighed over the OLI/MSI 
broad red band,  𝑅𝑟𝑠(𝜆𝑖) is the hyperspectral remote-sensing reflectance (1-nm spectral 
resolution) measured in situ using the ASD. 𝑅𝑆𝑅(𝜆𝑖) is relative spectral response of the 
OLI/MSI over the broad red band, with n = 67 for 1-nm resolution data over the range 
625-691 nm (OLI), n = 39 over the range 646-684 nm ( Sentinel-2A MSI), and n=40 over 
the range 646-685 nm (Sentinel-2B MSI) . This spectral weighing procedure was applied 
to the 26 measurements made with the ASD, but it could not be applied to the 14 samples 
measured with the C-OPS considering the instrument only provides measurements at 19 
wavelengths. In this case, the Rrs(665) measured directly from the C-OPS was used as 
an estimate of the MSI red-band Rrs, and the Rrs(655 estimated from linear interpolation 
of Rrs(625 and Rrs(665 measured directly with the C-OPS used as an estimate of the 
red-band OLI Rrs. However, a simple comparison of Rrs at discrete wavelength and 
spectrally weighed Rrs using the ASD data revealed that this limitation only introduced 
a +/- 4.06% uncertainty in the C-OPS derived MSI and OLI red-band Rrs and had very 




Figure 1.4 Measured SSC as a function of measured Remote-sensing reflectance 
(combined 14 discrete remote-sensing reflectance and 26 spectrally weighed Remote-
sensing reflectance) at 655 nm (RrsOLI (red)) for Landsat-8 OLI (a), 665 nm (RrsS-2A (red)) 
for Sentinel-2A MSI (b) sensors based on 40 water samples (Fig. 1.1). RMSE represents 






Figure 1.5 Difference between Remote-sensing Reflectance Rrs, at a discrete wavelength 
corresponding to the center of the red band of the OLI (655 nm) and MSI (665 nm), and 
the Rrs spectrally weighed over the corresponding broad red band of these sensors. The 
difference highlights an average difference of ± 4.06%. Data were simulated here using 
the 26 samples collected with the ASD Handheld-2 Pro spectrometer. 
 
A combination of 26 spectrally-weighed Rrs and 14 discrete Rrs were thus used to 
develop the three sensor-specific algorithms based on exponential fits of the measured 
SSC on the measured red-band Rrs (Fig. 1.4) and shown in Eqs. 1.3 to 1.5:  
SSCOLI = 1.2158 * exp(453.87 * RrsOLI(red)) - 0.5159               (1.3) 
R2 = 0.931, p-value <<0.001, RMSE = 1.55, Mean Absolute Percentage Error (MAPE) 
= (±5.16%) 
SSCMSI-S2A = 1.9318 * exp(401.15 * RrsS2A(red)) - 1.4729                 (1.4)  
R2 = 0.927, p-value <<0.001, RMSE = 1.59, MAPE = (± 5.61%) 
SSCMSI-S2B = 2.0107 * exp(396.04 * RrsS2B(red)) - 1.5804     (1.5) 
R2 = 0.927, p-value <<0.001, RMSE = 1.59, MAPE = (±5.63%) 
The indicator of MAPE is calculated as: 







|𝑁𝑖=1                                                         (1.6) 
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Where yi  and yi
′  indicate measured and modelled SSC respectively, and N is total 
number of observations. 
SSCOLI, SSCS2A and SSCS2B are the suspended sediment concentrations to be derived from 
the remote-sensing reflectance over the broad red band of the Landsat-8 OLI (RrsOLI 
(red)), Sentinel-2A MSI (RrsS-2A(red)) and Sentinel-2B MSI (RrsS-2B(red)) sensors 
respectively. These simple algorithms show that the red-band Rrs explains 93% of the 
variance in SSC across a range of 1 to 30 mg L-1, which is representative of the range of 
SSC typically measured over the past 15-years (Hopkinson et al. 2018). The algorithms 
facilitate the retrieval of SSC within ± 5.47% of the measured values. The observed 
scatter in the relationships between red-band Rrs and SSC can be caused by several 
factors: 1) uncertainties in the measurements of SSC and Rrs, 2) differences in particle 
size, shape, and type which can influence the specific inherent optical properties of the 
suspended particles (e.g., volume scattering phase function, and mass-specific absorption 
coefficient), 3) influence of bottom reflectance in some of the shallower waters sampled 
(e.g., during low tide), and to a lesser extent 4) independent variations in chromophoric 
dissolved organic matter which can contribute to some variability in Rrs even in the red.  
 
1.3.3 Processing of OLI and MSI imagery and implementation of the algorithms 
 
Level-1 data from Landsat-8 OLI, Sentinel-2A MSI, and Sentinel-2B MSI were obtained 
from the USGS Earth Explorer website (https://earthexplorer.usgs.gov) and were 
atmospherically corrected using the NASA SeaDAS v.7.5.1 comprehensive software 
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package for the processing, display, analysis, and quality control of ocean color data. 
Briefly, the l2gen processor was used to generate Level-2 mapped rasters of the red-band 
Rrs from the Level-1 top-of-atmosphere calibrated radiances using the standard multi-
scattering and iterative near infrared (NIR) model of Bailey et al. (2010) and the vicarious 
gains of Pahlevan et al. (2017b). A total of 46 mostly-clear scenes of red-band Rrs were 
thus generated, including 24 scenes from Landsat-8 at 30-m spatial resolution, 14 from 
Sentinel-2A at 10-m spatial resolution, and 8 from Sentinel-2B also at 10-m spatial 
resolution. The sensor-specific algorithms displayed in Eqs. 1.3-1.5 were then applied to 
their corresponding scenes to produce SSC maps. 
Large portions of the Plum Island Estuary consists of shallow areas. In order to avoid 
significant contamination by bottom reflectance, only remotely sensed data collected over 
the center of the main channel were used in this study. Bottom depth along the transect 
increased progressively from a minimum of 2.5 m in the more turbid upstream reaches of 
the estuary (from marker 0 to 1-km) to more than 10-m near the mouth of the estuary (Fig. 
1.6). A simple quantitative analysis was done to assess the potential influence of bottom 
reflectance on the remotely sensed Rrs(665) . It revealed that bottom reflectance unlikely 
affected the observed remotely sensed Rrs(665) along the transect, with the exception of 
a short and shallow section of the transect located between the 8.25 and 8.75-km markers, 
where a combination of clearer waters and a bottom depth of < 5 m likely led to a 
significant contribution of bottom reflectance. However, a simple comparison indicated 
that the apparent increase in Rrs(665) due to bottom reflectance observed between the 
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8.25 and 8.75-km markers only caused an average increase of 0.5% in the transect-
averaged SSC and was therefore not considered an issue for the purpose of this study. 
 
Figure 1.6 Elevation (NAVD88) of the Plum Island Estuary: (a) Map derived from a 
combination of LIDAR and GPS bathymetry measurements provided by LTER-PIE 
(https://pie-lter.ecosystems.mbl.edu/data), (b) elevation along the thalweg of the sound 
(red line) from the mouth of the Parker River (Marker 0 km) to the mouth of the esuatry 
(Marker 11.3 km). 
 
1.3.4 Potential influence of bottom reflectance on the remotely sensed Rrs(665) 
 
A simple quantitative analysis was done to estimate the approximate potential 
contribution of bottom reflectance on the average remotely-sensed Rrs along the thalweg 
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transect. In this analysis, the 𝑅𝑟𝑠𝐵(665)  contributed by the bottom reflectance of 






      (1.7) 
where the 𝐿𝑊
𝐵(665) is the water-leaving radiance at 665 nm contributed by the bottom 
reflectance of the irradiance incident above the air-water interface at 665 nm, 
𝐸𝑑(0
+, 665). Here, 𝐿𝑊





) ∗ 0.96 ∗ 𝐸𝑑(0
+, 665) ∗ exp(𝐾𝑑(665) ∗ 𝑧) ∗ exp(𝐾𝑢(665) ∗ 𝑧) ∗ 𝑅𝐵 ∗
0.54                                                                                                                           (1.8) 
where Kd (665) is the diffuse attenuation of downward irradiance at 665 nm, Ku(665) is 
the diffuse attenuation of upwelling irradiance at 665 nm, z is the bottom depth (negative 
value), RB is the bottom irradiance reflectance, the 1/ factor is used to convert water-
leaving reflectance to remote-sensing reflectance assuming an isotropic upward light field, 
and the 0.54 and 0.96 factors account for reflection of upwelling radiance and 
downwelling irradiance, respectively, at the air-water interface. In most cases, 𝐾𝑑 and 𝐾𝑢 





) ∗ 0.96 ∗ 𝐸𝑑(0
+, 665) ∗ exp(𝐾𝑑(665) ∗ 𝑧 ∗ 2) ∗ 𝑅𝐵 ∗ 0.54  (1.9) 




) ∗ 0.96 ∗ exp(𝐾𝑑(665) ∗ 𝑧 ∗ 2) ∗ 𝑅𝐵 ∗ 0.54  (1.10) 
Here, 𝑅𝑟𝑠𝐵(665) was calculated along the transect (Fig.1.7) using Eq. (1.10) and the 
following data:  
1) Bottom depth z along the transect (Fig. 1.7A), extracted from the bathymetry data (see 
Fig. 1.6). 
2) A linear increase of bottom irradiance reflectance 𝑅𝐵(665) ranging from 0.1 in the 
muddy sediment upstream to 0.5 in for the more sandy sediments near the mouth of 
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the estuary (Fig. 1.7B), based on reported data (Volpe et al. 2011) and reflecting the 
general gradient of bottom sediment type along the transect (Fagherazzi et al. 2014).  
3) Values of Kd(665) measured across a representative range of water types in the Plum 
Island Estuary using a Biopherical C-OPS ranged from ~0.55 - 2 m-1 and were found 
to be strongly linearly correlated (R2 > 0.90, n = 45) with SSC measured on samples 
acquired coincidently in situ. This strong relationship is not surprising considering 
that backscattering by particles is the main factor influencing Kd at 665 nm besides 
the constant absorption by water. This relationship, Kd(665) = 0.0845*SSC + 0.4934, 
was thus used to estimate an average Kd(665) transect from the average of all remotely 
sensed SSC transects used in this study (Fig. 1.7C).  
 
Figure 1.7 Potential contribution of bottom reflectance to the average Rrs(665) observed 
along the thalweg of the main channel of the Plum Island Estuary, along with the variables 
used to calculate it. (A) Bottom depth z from bathymetry. (B) Assumed bottom irradiance 
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reflectance (C) Kd(665) estimated from the average distribution of SSC along the transect. 
(D) Average remotely sensed Rrs(665) from all scenes, and potential contribution from 
bottom reflectance.  
The lack of correspondence between the transect of remotely sensed Rrs(665) and the 
calculated contribution from bottom reflectance (Fig.1.7D) indicates that the bottom 
reflectance contributed minimally to the observed patterns of Rrs(665) variability, except 
for a shallow 0.5-km section of the transect located between markers 8.25 and 8.75 km, 
where clearer waters (lower Kd(665) values) and shallow bottom likely contributed to an 
apparent increase in remotely sensed Rrs(665). 
 
1.3.5 Hydrodynamic and meteorological analysis 
 
Water level, wind conditions, and river discharge data were collected at the same instant 
of each satellite image. The LTER-PIE services a fixed meteorological station at the 
Ipswich Bay Yacht Club pier (see location A in Fig. 1.1), recording water level, wind 
speed, and direction every 15 minutes. Daily river discharge data for the Parker River and 
Rowley River are available at the USGS stations 0110100 and 01102000 respectively. 
Tidal discharge is an important parameter for sediment dynamics. In fact when the tidal 
discharge is maximum, usually near mean sea level (MSL) for mudflats, water velocities 
at the bottom are high, leading to high bottom shear stresses and sediment resuspension, 
thus increasing SSC. An estimate of the temporal variations in tidal discharge in a system 
is quite complex (see Kearney et al. 2017), and usually requires a high resolution 
numerical model (e.g. Zhang et al. 2019) or intensive field measurements (Fagherazzi 
and Priestas 2010). Here we use the temporal variation in water level 𝑑ℎ/𝑑𝑡 as a proxy 
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for tidal discharge, with positive values indicating flood direction. This approximation is 
based on the tub model of Boon (1975), who showed that for continuity in a tidal system 
a change in water level requires an input/output of a volume of water in the system. To a 
first approximation, we can write (Boon 1975):  
     
   𝑄 = 𝐴
𝑑ℎ
𝑑𝑡
                                        (1.11)  
Where Q is the tidal discharge entering the system, A is the flooded area of the bay, which 
can be considered constant to a first-order approximation, and 𝑑ℎ/𝑑𝑡 the variation in 
water level triggered by the tide. 
This model does not account for the variability in flooded area due, for example, to 
wetting and drying of marshes or the propagation of the tide in the system, which causes 
a spatially-variable dh/dt in the bay (Fagherazzi et al. 2008). However, this simple 
approximation correctly captures the low flow at slack water, the discharge peak near 
MSL, and neap/spring modulations in tidal discharge. More importantly, temporal 
variations in water level 𝑑ℎ/𝑑𝑡 can be readily computed from a tidal gauge without the 
need of bathymetric data, and it is therefore ideal ancillary data for remote sensing images.     
 The 46 scenes used in this manuscript cover the entire tidal cycle of flood and ebb tides 
and high and low water levels. In Figure 1.8 we plot the average sediment concentration 
as a function of water level and rate of water level change, dh/dt. The rate of water level 
change is a proxy for tidal flow, and it is positive during flood and negative during ebb 
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(Fagherazzi et al. 2008). Our measurements span low and high tide as well as low and 
high flow, although there was a slight bias towards high flow conditions during flood 
(high rates of water-level change) when the water level is around zero (Fig. 1.8). The 
wind speed ranges from 0.97 to 11.81 m/s, and river discharge of Parker River ranges 
from 0.01 to 6.17 m3/s (Table 1.4). These 46 scenes cover entire tidal cycle, normal wind 
conditions (Fagherazzi et al. 2014) and a typical range of river discharge (Fig. 1.2), thus 
providing a representative database to capture the main drivers contributing to variations 
of SSC in the study area. 
 
Figure 1.8 Relationship between in-situ measured water level, temporal variations in 
water level dh/dt at Ipswich Bay Yacht Club pier (see location A in Fig. 1.1) and transect 
averaged SSC (n=46). dh/dt is a proxy for tidal flow and positive values indicate flood 
tide. The data highlight that the remote-sensing data cover a representative range of tidal 





1.4.1 Distribution of SSC as a function of river discharge, wind and tides 
 
Table 1.3 Hydrodynamic and meteorological parameters of representative SSC maps 
shown in Fig. 1.9, 1.10.  



















1.9a,1.10a 10/12/2014 -0.35 0.66 3.19 331.80 0.01 2.20 High tidal 
flow 
1.9b,1.10a 10/5/2017 1.39 0.14 3.11 290.40 0.24 0.51 Low tidal 
flow 
1.9c,1.10b 10/20/2017 1.12 0.57 6.58 303.10 0.01 0.97 Flood tide 
1.9d,1.10b 12/1/2017 0.98 -0.58 6.98 308.40 0.42 0.52 Ebb tide 
1.9e,1.10c 4/3/2014 -0.45 0.68 3.07 57.50 6.17 9.87 High 
discharge 
1.9f,1.10c 3/18/2014 0.46 0.64 2.49 62.50 1.83 1.72 Low 
discharge 
1.9g,1.10d 3/11/2017 1.39 -0.05 9.93 272.00 1.14 0.40 High wind 
speed 
1.9h,1.10d 7/5/2013 0.78 -0.30 2.05 312.10 3.20 0.77 Low wind 
speed 
1.9i,1.10e 3/26/2018 -0.53 -0.57 7.33 26.73 1.64 4.08 Northeast 
wind 





Possible hydrodynamic and meteorological controls on water surface SSC include tidal 
currents, river discharge, and wind-generated waves. To qualitatively illustrate these 
different controls, we selected pairs of images in which only one hydrodynamic or 
meteorological variable significantly varies (Table 1.3). The sole influence of tidal 
current magnitude on SSC, under similar conditions of river discharge, wind speed, and 
wind direction was showed in the SSC maps derived from the OLI and MSI (Fig. 1.9a, 
b). The sole influence of tidal current direction (Fig. 1.9c, d), river discharge (Fig. 1.9e, 






Figure 1.9 Spatial distribution of SSC as a function of different hydrodynamic and 
meteorological factors: tidal current magnitude (a, b); tidal current direction (c, d); river 




The SSC in the upper bay increased by an order of magnitude when the water-level rate 
of change (𝑑ℎ/𝑑𝑡) increased from 0.14 m/h (October 5, 2017) to 0.66 m/h (October 12, 
2014) (Fig. 1.9a, b and Fig. 1.10a). This is because a fast increase in water level led to 
higher tidal velocities in the bay, resuspending bottom sediments and increasing SSC 
(Fagherazzi et al. 2012b). SSC was 1-2 times larger during flood than ebb although winds 
and freshwater discharges were slightly stronger during ebb (Fig. 1.10b). An extreme 
river flood of the Parker River and associated sediment plume was detected on April 3, 
2014, with a river discharge of 6.17 m3/s (Fig. 1.9e,f). The river flood caused a SSC 4-5 
times larger than the average along the entire bay (Fig. 1.10c). Values of SSC in March 
11, 2017 with a wind speed of 9.93 m/s are slightly lower than values of SSC in July 5, 
2013 with a wind speed of 2.05 m/s (Fig. 1.10d). This result indicates that wind speed 
might have a weak control on suspended sediments; we therefore suggest that variations 
in water level and river discharge are more important for SSC dynamics. A Nor’easter 
storm in March 26, 2018 (Fig. 1.9i, j) was also captured in our analysis, with wind speed 
of 7.33 m/s and wind direction of 26˚. We compared this event with an image taken on 
February 6, 2017 with similar wind speed of 7.31 m/s but approximately reversed wind 
direction of 313˚. Strong wind waves caused by the Nor’easter storm contributed to more 
sediment resuspension especially in the shallower upper bay and along the shoreline (Fig. 
1.9i, j and Fig. 1.10e).  
We calculated averaged SSC along the thalweg of all scenes in different seasons and 
grouped them by flood and ebb directions. SSC generally decreased seaward and was 
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significantly larger during flood than during ebb in the upper bay (Fig. 1.11a). The SSC 
presented seasonal differences, with the spring season featuring the largest SSC (Fig. 
1.11b) because of higher river discharge (see Fig. 1.2 and Table 1.4). Higher SSC 
occurred during flood in both spring and fall seasons (Fig. 1.11b, d), while in summer 
and winter the magnitude of SSC in flood was comparable to that in ebb (Fig. 1.11c, e). 
We conclude that SSC during flood tide was generally higher than during ebb tide, and 




Figure 1.10 Distribution of SSC along the main channel thalweg (see thalweg location in 
Fig. 1.1) showcasing, in each case, the dominant effect of a single factor: (a) tidal current 





Figure 1.11 Seasonal averaged SSC along the main channel thalweg in spring (a), summer 
(b), autumn (c), and winter (d) grouped by flood and ebb directions. Shaded area around 
the lines indicate the 95% confidence interval. The yellow colored bar at the bottom of 
(a) indicates where the SSC values in flood are significantly higher than SSC values in 




Table 1.4 Hydrodynamic and meteorological conditions of 46 scenes used.   
Scene 
Num 
Date Sensors Water 




















1 4/4/2013 OLI -1.05 -0.56 5.70 313.20 1.47 8.38 2.84 
2 7/5/2013 OLI 0.78 -0.30 2.05 312.10 3.20 11.33 0.77 
3 8/22/2013 OLI 0.93 0.76 2.11 266.90 0.04 0.84 0.29 
4 9/7/2013 OLI 0.62 0.67 2.42 260.10 0.02 0.50 0.95 
5 9/23/2013 OLI -0.17 0.62 6.15 310.50 0.09 0.54 2.53 
6 3/18/2014 OLI 0.46 0.64 2.49 62.50 1.83 9.85 1.72 
7 4/3/2014 OLI -0.45 0.68 3.07 57.50 6.17 37.66 9.87 
8 8/9/2014 OLI 1.24 -0.29 1.43 21.10 0.04 1.04 0.62 
9 9/26/2014 OLI 0.51 0.62 3.41 21.40 0.01 0.18 1.68 
10 10/12/2014 OLI -0.35 0.66 3.19 331.80 0.01 0.36 2.20 
11 1/16/2015 OLI -0.03 -0.58 2.11 232.80 0.91 4.53 1.32 
12 8/28/2015 OLI 1.20 -0.28 2.26 53.60 0.11 0.46 0.79 
13 4/24/2016 OLI 0.22 0.64 3.12 76.70 0.77 3.85 2.10 
14 5/10/2016 OLI -0.82 0.75 2.91 310.60 0.78 5.15 7.48 
15 11/2/2016 OLI 0.47 0.62 3.08 296.40 0.01 1.89 1.18 
16 11/18/2016 OLI -0.15 0.73 5.47 338.60 0.08 2.15 5.52 
17 2/6/2017 OLI -0.53 -0.62 7.10 313.20 1.16 3.77 1.82 
18 3/11/2017 S2A 1.39 -0.05 9.93 272.00 1.14 5.13 0.40 
19 8/1/2017 OLI -0.51 -0.41 2.24 26.40 0.08 1.95 0.52 
20 9/27/2017 S2A -0.90 0.11 2.06 155.80 0.02 0.16 0.78 
21 10/4/2017 OLI 1.21 -0.13 2.26 260.80 0.01 0.14 0.93 
22 10/5/2017 S2B 1.39 0.14 3.11 290.40 0.24 0.14 0.51 
23 10/10/2017 S2A -0.69 0.65 6.97 297.60 0.08 0.19 2.18 
24 10/12/2017 S2B -1.20 -0.04 5.77 32.00 0.02 0.13 2.02 
25 10/17/2017 S2A 1.20 -0.40 0.97 23.30 0.01 0.11 0.55 
26 10/20/2017 OLI 1.12 0.57 6.58 303.10 0.01 0.09 0.97 
27 12/1/2017 S2B 0.98 -0.58 6.98 308.40 0.42 2.12 0.52 
28 12/7/2017 OLI -0.38 0.71 4.21 265.70 0.46 1.63 4.49 
29 12/11/2017 S2B -0.83 -0.42 1.93 273.80 0.63 1.77 1.40 
30 12/16/2017 S2A 1.15 -0.20 4.13 288.70 0.42 1.94 0.59 
31 12/21/2017 S2B 0.13 0.62 6.39 292.60 0.33 1.55 1.01 
32 1/18/2018 S2A 0.93 0.65 2.83 287.40 2.04 7.39 1.53 
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33 1/25/2018 S2A -1.30 -0.38 11.81 282.60 1.22 5.32 4.33 
34 2/17/2018 S2A 0.61 0.70 2.37 58.48 1.75 10.51 1.16 
35 2/27/2018 S2A 0.92 -0.58 6.96 295.40 1.80 9.00 1.01 
36 3/1/2018 S2B 1.84 0.11 3.14 41.42 1.57 8.50 0.89 
37 3/19/2018 S2A 0.42 0.63 10.37 290.90 1.98 12.37 9.64 
38 3/26/2018 S2A -0.53 -0.57 7.33 26.73 1.64 9.03 4.08 
39 3/31/2018 S2B 1.42 0.45 4.29 303.80 1.82 8.92 2.66 
40 4/5/2018 S2A -1.27 0.44 6.38 302.40 2.10 9.68 4.25 
41 4/23/2018 S2B -1.36 -0.43 2.37 108.40 2.44 14.55 1.28 
42 4/28/2018 S2A 1.53 0.07 2.72 347.20 2.92 12.94 0.55 
43 5/5/2018 S2A -1.23 0.39 8.57 289.20 1.89 9.12 2.49 
44 6/17/2018 OLI -0.79 0.82 2.45 51.48 0.03 1.15 8.78 
45 7/3/2018 OLI -0.96 0.39 2.29 244.40 0.30 3.43 1.78 
46 7/19/2018 OLI -1.47 -0.19 2.64 69.16 0.02 1.57 3.05 
 
1.4.2 Dominant drivers of SSC 
 
Regressions between transect-averaged SSC and tidal parameters, wind speed, and river 
discharge were carried out in order to quantify the influence of each factor. Generally, 
SSC increased when the Parker River discharged more sediment into the bay (Fig. 1.12). 
River discharge explained only 19% of SSC variance, thereby indicating that other factors 
also controlled the distribution of SSC when the river discharge is low. Note also that 
only a few data points had high river discharge data (> 3 m3/s), which might have 
contributed to the lower 𝑅2 of the regression. 
Wind transfers energy to the water surface, generating waves whose shear stresses 
combined with tidal currents are responsible for sediment resuspension in shallow bays 
(Fagherazzi and Wiberg 2009). There was no clear relationship (R2 < 0.1) between 
averaged SSC and wind speed (Fig. 1.13). However, removing three outliers with high 
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SSC dominated either by extremely high river discharge (April 03, 2014) or very fast 
water level variations dh/dt (April 03, 2014, May 10, 2016, June 17, 2018) would increase 
the R2 to 0.40. In accordance with local wind climate (Fagherazzi et al. 2014), our study 
area was dominated by northeast and northwest winds (Fig. 1.14), but there was no 
obvious relationship between SSC and wind direction.  
 
Figure 1.12 (A) Relationship between transect-averaged SSC and discharge of the Parker 





Figure 1.13 Relationship between transect-averaged SSC and wind speed; labeled number 
is the order of 46 scenes showed in Table 1.4. 
 
Figure 1.14 Relationship between transect-averaged SSC and wind direction; labeled 
number is the order of 46 scenes showed in Table 1.4. 
 
A stronger correlation existed between transect-averaged SSC and water level variations 
dh/dt during tidal flood (Fig.1.15a), highlighting the control that tidal discharge played 
on SSC. Water level variations dh/dt explained approximately 19% of the overall variance 
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of SSC. Furthermore, dh/dt explained 49% of the variance when only low water levels 
were considered (Fig. 1.15b). During ebb, the variation in water level dh/dt cannot explain 
variations in SSC at either low or high water levels (Fig. 1.15b,c). Generally, higher SSC 
occurred at low water levels (Fig. 1.16a). Water level h explained approximately 60% of 





Figure 1.15 (a) Transect-averaged SSC as a function of variation in water level dh/dt in 
flood and ebb; (b) only during low water level (h < 0 m), and (c) only during high water 






Figure 1.16 (a) Transect-averaged SSC as a function of water level h; (b) only during ebb 
tide (dh/dt <0), and (c) only during flood tide (dh/dt >0).  
These results indicate that tidal flow (through its proxy dh/dt), wind speed, river discharge, 
and water level all contributed significantly to the observed dynamics of SSC along the 
entire transect. To spatially evaluate the contribution of each factor along the sound, we 
calculated the correlation coefficients between SSC and river discharge, dh/dt, wind 
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speed and water level along the transect (Fig. 1.17a). River discharge, variation of tidal 
water level dh/dt and water level dominated SSC, followed by wind speed. The river 
influence was stronger in the upper bay, while the variation in water level dh/dt, a proxy 
for tidal flow, had more influence in the middle of the sound. Finally, the effect of water 
level h increased moving offshore toward the inlet. 
 
Figure 1.17 Correlation coefficients between SSC and river discharge (Q), variation of 
tidal water level (dh/dt), wind speed (U) and water level (h) along the main channel 
thalweg. (a) Correlation coefficients between SSC and SSC predicted using models of 
Eqs.1.14-1.16 at each location (also considering only flood and ebb) along the main 




1.4.3 Comparison of local algorithm developed in this study to SSA-L algorithm 
 
Semi-analytical algorithms (SSA-L) for low concentrations (Rrs ≤ 0.03 sr-1) from Han 
et al. (2016) and Nechad et al. (2010) for Landsat8 OLI and Sentinel-2 MSI sensors are, 
 
SSCOLI=346.353*π*RrsOLI (red)/(1- π*RrsOLI (red)/0.5)                                           (1.12) 




Figure 1.18 Comparison of our local empirical algorithms (Eqs. 1.3, 1.4) with the global 
semi-analytical algorithm SSA-L (Eqs. 1.12, 1.13) from Han et al. (2016) and Nechad et 
al. (2010) for both the Landsat-8 OLI (A) and the Sentinel-2A MSI (B). 
Based on 631 samples with SSC ranging from 0.15 to 2600 mg/L collected in various 
coastal areas, Han et al. (2016) put forward a generic semi-analytical algorithm (SSA) for 
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sediment concentration in global coastal waters and derived coefficients for different 
ocean color sensors including the Landsat-8 OLI and Sentinel-2 MSI (Nechad et al. 2010). 
Compared to our local empirical algorithms (Eqs.1.3, 1.4), their semi-analytical 
algorithms (Eqs.1.12, 1.13) underestimated SSC for large values (see Fig. 1.18). This 
discrepancy may due to the difference in the range of data used, as the maximum value 
of SSC in our study is only 28.94 mg/L. Moreover, the semi-analytical algorithm derived 
with a large range of SSC may not capture well variations of SSC lower than 30 mg/L, as 
those occurring in the Plum Island Estuary. 
 
1.4.4 Predicting SSC in the main channel thalweg 
 
Since the combined effects of several factors control the distribution of SSC, we used 
three multivariate nonlinear regression models. One using all data:   
𝑙𝑛(𝑆𝑆𝐶) =  0.03𝑄 + 0.58
𝑑ℎ
𝑑𝑡
− 0.51ℎ + 0.07𝑈 − 0.08              (1.14) 
R2 = 0.60, p-value <<0.001, n = 46 
One using only flood data:                                                                                   
  
 𝑙𝑛(𝑆𝑆𝐶) = 0.04𝑄 + 1.50
𝑑ℎ
𝑑𝑡
− 0.43ℎ + 0.10𝑈 − 0.78     (1.15) 
R2 = 0.56, p-value <<0.001, n = 27                                                                                            
And one using only ebb data: 
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 𝑙𝑛(𝑆𝑆𝐶) = −0.57ℎ + 0.22                                 (1.16)                         
R2 = 0.64, p-value <<0.001, n = 19                                                                                           
Where Q is total river discharge of Parker and Ipswich Rivers (m3/s), dh/dt is the water 
level variation (m/h), U is wind speed (m/s), and h is water level (m). Note all the 
variables in regression models are statistically significant (p-value <0.05). 
Using all hydrodynamic and meteorological parameters, we computed the correlation 
coefficient between SSC and SSC predicted using models of Eqs. (1.14-1.16) at each 
location along the thalweg, as well as only during flood tide and only during ebb tide (Fig. 
1.17b). Generally, the regression model showed a correlation coefficient larger than 0.7 
in the middle and upper bay and a higher coefficient during ebb than during flood tide. 
The correlation coefficient became lower near the inlet (after 10 km), indicating that other 
processes were acting here, as for instance the supply of sediment from the ocean.  
The regression model can be used to predict SSC along the bay for a given set of 
hydrodynamic and meteorological parameters. To evaluate the performance of the model, 
we show a validation of both transect averaged SSC for all images (Fig. 1.19a), and SSC 
at each location along the thalweg for three representative scenes covering the range of 
SSC values (Fig. 1.19b). Both analyses show more outliers at high values of SSC partly 
due to lack of training data for high SSC. These validation results demonstrate that high-
resolution remote sensing imagery can be used to monitor and predict SSC in shallow 





Figure 1.19 (a) Relationship between the remotely sensed SSC averaged along the main 
channel thalweg (n=46) and the corresponding values predicted from the model for all 46 
remote-sensing scenes used in this study (Eq. 1.14), (b) discrete SSC along the main 
channel thalweg and corresponding predicted values from the models (Eqs. 1.14-1.16) 
for three representative scenes (n=187 for each scene). 
 
1.5 Discussion 
SSC maps derived from remote sensing images allow a quantitative assessment of 
sediment dynamics in shallow bay systems. For coastal bays with narrow channels (~ 1 
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km), only remote sensing imagery with high spatial resolution and a revisit time of hours 
could fully capture tidal and wave dynamics and the distribution of SSC in surface waters. 
Sentinel-2 and Landsat-8 haves a high resolution of 10 m and 30 m respectively, however 
the relatively long revisit time compared to tidal cycles has limited their application in 
studies of tidal flow and SSC dynamics. Therefore, most studies based on remote sensing 
of SSC in coastal areas focus on the retrieving method itself, with the goal of producing 
the most accurate SSC map. We compiled all the SSC maps from Landsat-8 and Sentinel-
2 remote sensing imagery collected between 2013 and 2018, matched water level, tidal 
flow, and wind conditions to each image, and built the relationship between SSC and 
these physical drivers. Our study is one of few that quantitatively assesses the 
contributions of different hydrodynamic and meteorological drivers to SSC, and predicts 
spatial distribution of SSC under different conditions (Eleveld et al. 2014; Hudson et al. 
2017). 
Two possible processes explain the general decreasing trend in SSC seaward (Fig. 1.10, 
1.11): riverine discharge and sediments resuspension in the upper bay. Fagherazzi et al. 
(2014) showed that the upper bay is characterized by tidal flats with fine grain sediments 
(mud and silt), that are more easily resuspended. Despite the freshwater discharge of the 
Parker River is relatively small compared to the tidal prism, the sediment load from the 
Parker river is significant, accounting for about 10% of total sediment sources in the 
system (Hopkinson et al. 2018). Flood dominance pushes sediments toward the upper part 
of the bay, trapping the sediment discharged from the Parker River. Estuarine turbidity 
maxima, common in estuaries, can also lead to an increase in SSC at the interplay zone 
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of fresh and ocean waters (Dyer et al. 2004). In the Plum Island Estuary, the turbidity 
maximum is located at the mouth of the Parker River (Hopkinson et al. 2018).  Significant 
seasonal variations in SSC are present, with higher SSC occurring in spring due to river 
freshets triggered by snowmelt. In the Westerschelde estuary, Eleveld et al. (2014) found 
instead that the highest SSC occurs in winter due to stronger wind waves. In our mesotidal 
sound with limited fetch, the role of waves seems minor. The 46 images analyzed here 
capture a river flood in April 3, 2014 and a Nor’easter storm in March 26, 2018, shedding 
light on the role of extreme events (Fig. 1.9e, i).  
The transect-averaged SSC is controlled by river discharge, tidal flow, wind, and water 
level. Water level and tidal flow (here represented by the variations in water level dh/dt) 
are the two dominant factors controlling SSC at each point along the transect, followed 
by river discharge and wind speed. Our results are consistent with Hudson et al. (2017), 
who showed that waves only affect turbidity at the mouth of the Columbia River Estuary, 
but are less important than river discharge and tidal flow. River discharge dominates 
turbidity in the Columbia River Estuary, while in Plum Island Estuary tidal flow and 
water level are more important, since the rivers are small (see Fig. 1.12, 1.15,1.16). We 
also propose a multivariable regression model that predicts spatial SSC using simple 
hydrodynamic and meteorological parameters (Eq. 1.14-1.16 and Fig. 1.19). For tidally 
mixed shallow bay systems, such a model provides a potential way to evaluate sediment 
budgets and SSC dynamics even during extreme weather conditions.  
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A significant increase in SSC along the entire bay caused by a river flood is showed in 
Fig. 1.10c. This result highlights the role of infrequent hydrological events on sediment 
dynamics. High SSC triggered by the Nor’easter of March 26, 2018 (Fig. 1.10e) indicate 
that strong winds can also trigger sediment resuspension, but more along the shoreline 
rather than in the sound. Wave induced shear stresses could suspend bottom sediments, 
and enhance the exchange of sediments between tidal flats and channels. Castagno et al. 
(2018) modeled the influence of storms on sediment budgets at the Virginia Coast 
Reserve, USA, and found that intense storms resuspend and funnel fine-grained materials 
from the nearshore to the interior of the back-barrier tidal basins. In Plum Island Estuary, 
waves-induced sediment resuspension seems of secondary importance compared to tidal 
flows, water level, and sediment discharge from rivers. 
Our results also show that the distribution of SSC is different between flood and ebb, with 
SSC higher during flood. As a result, the sound is importing and trapping sediments, 
which explains why the marsh accretion is keeping pace with SLR (Hopkinson et al. 
2018). During ebb water levels become very important, exerting a very strong control on 
SSC (Fig. 1.16b). We ascribe this result to three possible factors: i) The peak velocity in 
salt marsh creeks is delayed during ebb, occurring at low water levels and mobilizing 
sediment on banks or stored at the bottom of the channels. In fact, water moves slowly 
on the vegetated marsh surface, so that the channels are still draining the marsh platform 
hours after high slack water (Fagherazzi et al. 2008). As a result, the stage-velocity 
relationship is very asymmetric (Bayliss-Smith et al. 1979). ii) Seepage from marsh banks 
during ebb can lead to local sediment piping and sapping, increasing the turbidity of the 
47 
 
water exiting the marshes (Howes and Goehringer 1994). iii) Very shallow flows (up to 
5cm depth) can mobilize soft sediments stored in mudflats along large tidal channels or 
at the bottom of small creeks dissecting the marsh (Fagherazzi and Mariotti 2012b). 
During the late phase of salt marsh drainage, very shallow flows can be very fast, 
sometimes reaching supercritical conditions, because they are driven by bottom slope and 
not by tidal propagation. A similar phenomenon was observed in mudflats in Willapa Bay, 
Washington State, USA, where a turbid tidal edge carried sediment at very low water 
depths (Fagherazzi and Mariotti 2012b). All the sediments mobilized by these three 
processes during marsh drainage will eventually reach the sound contributing to the 
turbidity of the water at low tide. However, the overall sediment flux is low, because the 
discharge is small when the water depth is limited. As a result, the sediment concentration 
during ebb does not spike, and remains lower than during flood (Fig. 1.11a). The 
influence of water depth increases downstream along the sound, probably because more 
turbid water from the marshes is collected (Fig. 1.17a).      
SSC depends more on tidal current amplitudes and their variations in time during flood 
(Fig. 1.15). This result indicates that during flood tidal flow and related shear stresses 
mobilize bottom sediments, and carry them toward the upper bay. In the flood period 
from slack water to marsh inundation, variations of water level can explain 49% of SSC 
(e.g. Fagherazzi et al. 2013b). However, when the marsh is flooded, there is no 
relationship between water level variations and SSC (Fig. 1.15c). This highlights the 
complexity of tidal hydrodynamics and sediment transport pathways caused by the 
presence of salt marshes. This complexity prevents the establishment of a linear 
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relationship between velocity and turbidity, as detected by remote sensing data in the 
lakes in the Peace-Athabasca Delta (Pavelsky and Smith, 2009). 
Resuspension triggered by tidal flow seems peaking in the middle sound, where the 
correlation coefficient between dh/dt and SSC is maximum. The influence of dh/dt on 
sediment dynamics decreases near the inlet, where oceanic inputs of sediment are likely 
important (Fig. 1.17a). Note that herein we do not address sedimentary processes acting 
on the inner continental shelf, and therefore the predictive ability of our regression model 
decreases near the inlet (low r in Fig. 1.17).          
Fagherazzi et al. (2013a) and Ganju et al. (2015) emphasized how a positive sediment 
budget is critical for the stability of salt marshes and coastal bays facing SLR (see also 
Hopkinson et al. 2018).  In fact, intertidal systems must trap sediment and accrete in order 
to counteract SLR. Ganju et al. (2015) suggested the use of flood/ebb SSC differential in 
marsh creeks to assess the vulnerability of salt marsh complexes. The same parameter 
can be scaled up to the entire Plum Island Estuary. Figure 1.11a shows that flood/ebb 
SSC differential is positive in the middle and upper section of the sound, indicating that 
the system is importing sediment and therefore partly mitigating the effect of SLR. Our 
methodology based on remote sensing images can therefore be used to quickly assess 
vulnerability of marshes and shallow bays to SLR. The data analyzed here span only 5 
years and cannot capture in detail the interannual variability in SSC.   
Herein we have used variations in water surface elevation as a coarse proxy for tidal flow, 
following the simple tub model of Boon (1975). However, tidal propagation and the 
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presence of salt marshes give rise to tidal asymmetries that affect tidal discharge, velocity, 
and ultimately sediment advection and resuspension (Fagherazzi et al. 2008; Friedrichs 
and Aubrey 1988). Remote sensing images are not able to capture temporal dynamics of 
SSC such as sediment settling and advection. For example, sediment in suspension can 
take hours to settle, so that the sediment concentration measured at one instant might have 
originated from hydrodynamic conditions that occurred in the past. This is particularly 
true for waves and wind fields that can change in hours. Advection can also transport 
sediment away from the location where it was first resuspended. In this situation, simply 
attributing the increase in SSC in the channel to waves and strong tidal flows at the instant 
of the remote sensing image collection might introduce an error. This error likely affects 
the correlation between SSC and different drivers, especially wind waves. Water level is 
also an important driver of SSC in the tidally dominated systems especially during ebb. 
Further research is deemed necessary to determine the importance of tidal asymmetry on 
the evaluation of sediment budgets from remote sensing images. 
SSC of our 40 water samples ranges from 0 mg/L to 30 mg/L, covering the range of 
values measured in-situ in the last 13 years (Hopkinson et al. 2018). The empirical 
algorithm constructed captured a representative range of SSC concentrations for the entire 
bay, with the exception of very extreme events. During large river floods and energetic 
storms, SSC could fall outside the range covered in the study. This might cause 
uncertainty when our empirical relationship is used, although it would be very 
challenging to conduct in situ measurements during those conditions. It is also important 
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to recognize that SSC retrieved from remote sensing can be affected by errors from the 
atmospheric correction (Warren et al. 2019). 
 
1.6 Conclusions 
In this paper, we demonstrated that the existing record of high-resolution imagery from 
Landsat-8 and Sentinel-2 can be used to quantitatively assess of the relative roles of 
hydrodynamical and meteorological drivers on the variability of suspended sediments in 
a marsh-influenced estuary. High-resolution images from these sensors provided 
snapshots of SSC distribution that are difficult to capture with in situ instruments in such 
dynamic and heterogenous systems. These data are crucial to decipher the relative role of 
different physical processes in driving suspended sediment dynamics. Here, the analysis 
of high-resolution imagery revealed several important pieces of information about SSC 
dynamics in the Plum Island Estuary:  
(1) SSC generally decreases seaward in the sound, and is higher in the spring season 
because of increased river discharge caused by snowmelt. 
(2) Extreme events such as river floods and storms increased SSC by 5-to-10-fold, 
greatly altering the SSC distribution in the system. Wind direction was also found 
to be more important to sediment resuspension than wind speed. 
(3) Higher SSC occurs during tidal flood rather than ebb, especially during the spring 
and fall seasons. This tidal asymmetry possibly favors sediment retention in the 
bay, increasing the resilience of the marsh to sea level rise.  
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(4) Water level, tidal flow and river discharge are generally the most important factors 
dominating SSC along the sound, followed by wind speed.  
The Plum Island Estuary in Massachusetts was used herein as a prime example of a mid-
latitude, tidally-driven estuary influenced by large fluctuations in river discharge and 
regularly impacted by storms. However, this general approach is applicable to other 
estuaries around the world in order to determine the dominant drivers of SSC dynamics. 
This methodology can be useful to help quantify sediment budgets and assess the fate and 
sustainability of marshes. The Plum Island Estuary was particularly challenging because 
bottom reflectance prohibited the use of remote sensing over much of the estuary besides 
the main channel. Marsh-influenced systems with higher sediment loads (e.g., coastal 
Georgia and Louisiana, USA) would not be influenced as much by bottom reflectance 
and are therefore even more suitable for this analysis.  
Despite the long revisit-time of current high-resolution sensors onboard Landsat-8 and 
Sentinel-2, our study showed that the record of high-resolution imagery available since 
the beginning of Landsat-8 operations (May 2013) was sufficient to capture a 
representative range of tidal conditions, river floods and storms. This is true even 
considering that Sentinel-2A and -2B MSI (in operation since 2015 and 2017, 
respectively) contributed to only part of the 5-year record used in this study. With these 
three satellite sensors now operating, new sensors launching soon (e.g., Landsat-9), and 
constantly improving atmospheric correction procedures (Warren et al. 2019), the record 
of usable high-resolution imagery is bound to be rapidly expanding and to provide an 
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even more representative depiction of suspended dynamics in these important coastal 
systems.  
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CHAPTER 2. Fate of cohesive sediments in a marsh-dominated estuary 
The content of this chapter was published in 2019 in Advances in Water Resources. 
This paper was co-authored by Nicoletta Leonardi, Carmine Donatelli (Department of 
Geography and Planning, University of Liverpool, UK), Sergio Fagherazzi (Department 
of Earth and Environment, Boston University). 
2.1 Introduction 
In recent years, salt marshes have experienced increasing pressure from SLR and human 
activities (e.g. a decrease in riverine sediment supply due to dams) (Syvitski et al. 2005, 
2007; Dai et al. 2014; Dai and Liu 2013; Craft et al. 2009). Marsh drowning due to SLR 
and wave induced horizontal retreat has been well documented around the world 
(Fagherazzi et al. 2013; Kirwan and Murray 2007; Leonardi and Fagherazzi 2014; 
Leonardi et al. 2017). Fagherazzi et al. (2013) and Ganju et al. (2017) highlight the critical 
role that sediment supply and sediment transport mechanisms play in the resilience of salt 
marshes against SLR and human perturbations. Kirwan et al. (2016) used process-based 
models based on biophysical feedbacks to predict the threshold rate of SLR for marsh 
survival. Their results indicate that marshes can survive under relatively high SLR rates 
only if abundant sediment is available. Ganju et al. (2015) found that a marsh can laterally 
erode despite having high SSC and accretion rates. They suggested the flood/ebb SSC 
ratio as a better vulnerability metric, since it mimics the difference between the sediment 
entering and exiting the marsh complex. Another vulnerability metric is the ratio between 
unvegetated and vegetated areas, which well predicts the sediment deficit of microtidal 
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marsh systems (Ganju et al. 2017). All these recent results indicate that sediment fluxes 
are critical in determining marsh vulnerability to SLR.   
The possible sources of sediments vary in different systems, and most coastal bays may 
lack riverine sediment inputs. In a recent work, Hopkinson et al. (2018) evaluated the 
sediment budget of Plum Island Sound by comparing LiDAR data taken in different years. 
They found that marsh edge erosion provides more 30% of the sediment required to 
counteract SLR, whereas riverine sediments provide less than 10 %. This indicates that 
sediment fluxes from the ocean and from tidal flats should account for more than 50% of 
the budget. It is thus critical to understand the fate of suspended sediments in a salt marsh 
complex, and the trapping capacity of different marsh locations with respect to potential 
sources of sediments, including rivers, bays and the coastal ocean. Understanding the 
source and fate of sediments within marshes is of paramount importance in determining 
the future resilience of these ecosystems. 
Marshes are able to capture fine cohesive sediments, because the thick vegetation reduces 
flow speed and turbulence allowing the deposition of small particles (Fagherazzi et al. 
2012; Mehta 2014). However, it is difficult to quantify sediment transport dynamics in 
an estuary due to the complex geometry of the intertidal landscape, with dendritic channel 
networks dissecting salt marshes (Fagherazzi et al. 1999). Numerical simulations provide 
the opportunity to explore sediment trajectories in such a complex environment. For 
example, simulations can capture the residence time of sediment particles and tracers in 
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intertidal areas (Defne et al. 2016; Mercier and Delhez 2007) and tidal rivers (Ralston 
and Geyer 2017). 
Point field measurements have identified that increasing elevation, distance to channels 
and marsh edges, and flow friction due to vegetation canopy affect the spatial distribution 
of sediment deposition rates on marshes (Christiansen et al. 2000; Fagherazzi et al. 2012; 
Reed et al. 1999; Temmerman et al. 2005a). Temmerman et al. (2003) proposed an 
empirical model by relating sedimentation to platform surface elevation, distance to 
nearest channel or marsh edge, and distance to marsh edge measured along the nearest 
creek. The model well captured spatial variations of sedimentation over the marsh 
platform in the Scheldt estuary (Belgium, SW Netherlands). 
A simplified advection-dispersion equation of suspended sediment transport over 
marshes indicates that settling velocity, inundation depth, and flow velocity determine 
the decay rate of sediment concentration along a transect perpendicular to the creek bank 
or marsh edge (Fagherazzi et al. 2012), but it is not clear whether this simplified model 
can be applied to a natural system with a complex channel network. Flow velocities over 
the marsh platform are relatively small compared to those in the channels, and 
significantly vary in space and time during a tidal cycle. For example, the peak velocity 
is one order of magnitude larger than the velocity during high slack water (Leonard and 
Luther 1995). As a result it is difficult to determine what hydrodynamic conditions are 
responsible for the advection of sediment in the marsh.   
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The role of vegetation in sediment transport dynamics is well captured in recent numerical 
models. The effect of vegetation structures on momentum, turbulence, and water 
exchange dynamics (Nepf and Vivoni 2000) is solved in the hydrodynamic models 
Delft3D (Baptist 2005; Temmerman et al. 2005b) and ROMS ( Beudin et al. 2017). 2D 
and 3D hydrodynamic models have produced excellent results in a variety of vegetated 
coastal environments, ranging from deltaic wetlands (Nardin and Edmonds 2014; 
Donatelli et al. 2018) to mangrove forests (Horstman et al. 2015). Among these studies, 
it was found that vegetation with intermediate height and density enhances sedimentation 
in river deltas such as the Wax Lake Delta, USA (Nardin and Edmonds 2014). Horstman 
et al. (2015) highlighted the sensitivity of tropical shorelines to coupled sediment-
vegetation dynamics by showing a significant decrease in sediment trapping efficiency 
driven by loss of mangroves and a reduction in sediment inputs. Moreover, by including 
vegetation growth and mortality, Oorschot et al. (2016) showed that a dynamic vegetation 
provides more realistic results in the long-term evolution of mangrove shorelines. 
Donatelli et al. (2018) used the newly developed vegetation model in ROMS to 
investigate the impact of seagrass beds on sediment transport dynamics. They found that 
the presence of seagrasses increases the total sediment budget of coastal embayment but 
reduces the amount of sediment in suspension and delivered to marsh platforms during 
high tide. 
The vegetation module of the model Delft3D was tested in Temmerman et al. (2005b). In 
this model the momentum drag and turbulence structure induced by the vegetation are 
solved numerically using the k-ε turbulence closure. Sensitive analyses show that a 2D 
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vegetation model can also be used to reduce computational cost, without a significant loss 
in accuracy despite the absence of three-dimensional turbulence (Horstman et al. 2013). 
In this chapter, we have applied the 2D Delft3D FLOW/MOR model with the vegetation 
module to Plum Island Sound, Massachusetts, USA, a mesotidal bay dominated by salt 
marshes (Fig. 2.1).  
The goal of this work is to determine the fate of cohesive sediments in the system. 
Specifically, we will explore the sediment trapping capacity of different marsh 
subdomains by releasing sediments at different locations, at different instants within the 
tidal cycle, and with sediment grain sizes ranging from clay to silt. Furthermore, 
characteristic scales of sediment deposition and factors controlling suspended sediment 
transport over the marsh platform are analyzed in order to clarify the mechanisms.  
 
2.2 Study area 
Plum Island Sound (Fig 2.1) is a coastal plain, bar-built estuary with extensive areas of 
productive tidal marshes dominated by Spartina alterniflora and Spartina patens. The 
estuary is located along the northeastern Massachusetts shoreline, and is fed by the 





Figure 2.1 Locations of Plum Island Sound, bed samples, and validation sites. S1 tidal 
station is at Ipswich Bay Yacht Club pier, S4 tidal station is in the Parker River near 
Route 1A Bridge. S2 and S3 are ADCP measurement sites in 2010 and 2017 respectively. 
The NOAA station 8441241 is indicated with a red triangle. 
 
The bathymetry of the estuary is characterized by extensive tidal flats and a deep (more 
than 5 m) central channel (Fagherazzi et al. 2014). We define marsh the area between 
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0.09 m (mean sea level in NAVD88) and 1.453 m (MHHW); upland the area higher than 
1.453 m (Wilson et al. 2014). Marshes account for 60% of the estuary surface (Fig. 2.2a). 
In addition, in order to determine the exchange of sediment across different parts of the 
estuary, the system is divided in eight subdomains named: Upper Estuary, Parker River, 
Rowley River, Ipswich River, Upper Sound, Lower Sound, Inlet, and Ocean (Fig. 2.2b).  
 
        
Figure 2.2 Plum Island Sound bathymetry (left) and subdivision in upland, marsh, and 
ocean areas based on depth (right); 1-8 are subdomains marked by dash lines: 1) Upper 
Estuary, 2) Parker River, 3) Rowley River, 4) Ipswich River, 5) Upper Sound, 6) Lower 
Sound, 7) Inlet, 8) Ocean. 
 
2.3 Numerical model setup and calibration 
2.3.1 Model domain 
 
We use the Delft3D model coupled to the 2DH vegetation module to simulate tidal flow 
and the transport of cohesive sediments. The domain consists of 703×410 cells with a 
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resolution of 20×20 m (Fig. 2.3). Tidal forcing at the three open ocean boundaries 
employed modified tidal harmonics generated from the large-scale ADCIRC model of 
the Atlantic Coast (Szpilka et al. 2016). 
 
 
Figure 2.3 Mesh of the numerical model, ocean and river boundaries and water depth of 
the Plum Island Sound.  
 
The daily averaged flow discharge data of the Parker (1 m3/s) and Ipswich Rivers (5 m3/s) 
are available at USGS gauges (01101000, 01102000), while that of Rowley River (0.2 
m3/s) is obtained by scaling the Ipswich River discharge to the watershed area (Fagherazzi 
et al. 2014; Zhao et al. 2010). Although previous work highlights the contribution of 
saline water from Plum Island Sound to the Merrimack River, the yearly daily averaged 
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flow discharge recorded at the USGS gauge (424752070491701) TPK BRIDGE is 3.7 
m3/s, being ignorable compared to tidal prism (6.37×107 m3) of entire domain. The water 
only outflows from Plum Island Sound to the Merrimack River during relatively low 
water levels. 
For the bed roughness, we set the following Chezy coefficients: 45 m1/2s-1 for the ocean, 
rivers and main tidal channels, 40 m1/2 s-1 for the tidal creeks, and 35 m1/2 s-1 for the marsh 
platform. The 2DH vegetation module uses the directed point model DPM, and the 
vegetation drag effects on the momentum equations are solved based on Baptist (2005). 




2 is included within the momentum equation to account for the 
flow resistance due to vegetation, where 𝜆 is a flow resistance coefficient and 𝑢𝑣 is the 
flow velocity (Nepf and Vivoni 2000; Yang et al. 2015) . For the emergent vegetation 
case with ℎ < ℎ𝑣, the net bed roughness and flow resistance are 𝐶 = 𝐶𝑏 , 𝜆 = 𝐶𝐷𝑛, where 
ℎ is water depth, ℎ𝑣  is vegetation height, 𝐶 is net bed roughness including vegetation 
effect, 𝐶𝑏  is bed roughness without vegetation, and 𝑛  is vegetation density. For the 
submerged vegetation case with  ℎ > ℎ𝑣 , the net bed roughness and flow resistance 
coefficient are:  






) √1 + (2𝑔)−1𝐶𝐷𝑛ℎ𝑣𝐶𝑏







                                                           (2.2) 
Where 𝑔 is gravity acceleration, 𝜅 is Kármán's constant equal to 0.4. We define uniform 
and representative vegetation parameters for the marsh area based on Johnson et al. 




2.3.2 Model calibration 
 
Model calibration relies on careful adjustment of tidal boundary conditions. To this end, 
we compared three different calibrations (i.e. three different boundary conditions) of the 
numerical model with field data. 
The first boundary condition is obtained by modifying tidal harmonics and phases of the 
NOAA station (8441241) in the Sound (Fig. 2.1). This tidal signal is then set as a 
boundary condition at the ocean side of the domain. The second method is to use a 
spatially varying tidal boundary condition derived directly from the large scale ADCIRC 
model results along the Atlantic coast (Szpilka et al. 2016). The resolution of ADCIRC 
Version ec2015 at our model tidal boundaries is about 400-600 m, while our mesh 
resolution is about 20 m. The last method is based on the modification of the tidal 
harmonics and phases derived from the ADCIRC model results, in order to account for 
possible errors in ADCIRC especially in complex coastal bathymetries.  The mean 
relative amplitude error of ADCIRC is between 8.5 % and 20%, while the phase error is 
around 10˚ in the Atlantic Ocean (Szpilka et al. 2016). These errors warrant an ad hoc 
calibration for small-scale systems like the Plum Island. 
Model validation used water level observations from four different locations across the 
system. These observations were analyzed to determine the tidal harmonics at each 
location. Model agreement at the four locations is summarized in Figure 2.4. As showed 
in Figure 2.1, S1 tidal station is at Ipswich Bay Yacht Club pier, and the harmonics are 
calculated from measurement of water level every 15 minutes from 00:00 April 01, 2016 
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to 00:00 November 01, 2016. S4 tidal station is in the Parker River near Route 1A Bridge, 
and the harmonics are calculated from water levels measured every 15 minutes from 
10:00 April 11, 2002 to 12:00 December 05, 2002. S1 and S4 datasets belong to PIE-
LTER. S2 and S3 are water levels collected with an Acoustic Doppler Current Profiler 
(ADCP) in 2010 (every 30 minutes from 12:00 July 20, 2010 to 09:00 September 11, 
2010) and 2017 (every 10 minutes from 08:00 September 08, 2017 to 19:00 October 14, 
2017) respectively. Fig. 2.4 shows amplitude difference (A) and phase difference (B) of 
dominant tidal harmonics (M2, S2, N2, O1, K1) at these four validation sites. The last 
calibration method (ADCRIC2, indicated with blue markers in Fig. 2.4) modifies the 
ADCIRC boundary conditions by subtracting the mean difference between field 
measurements and model results of amplitude and phase at the four observation sites. 
This calibration method significantly improves model accuracy with an error in harmonic 
amplitude less than 5 cm and a phase difference less than 5˚. ADCIRC2 perform best, 
followed by NOAA and ADCIRC1 respectively (Fig. 2.4). The calibrated harmonics are 
reported in Table 2.1.  
Table 2.1 Tidal harmonics of different calibration methods, note values of ADCIR1 and 






















NOAA 1.28 100.90 0.16 151.10 0.27 72.20 0.13 196.80 0.11 183.90 
ADCIR1 1.34 108.52 0.19 140.79 0.28 72.90 0.12 193.71 0.10 190.02 





Figure 2.4 Amplitude difference (A) and Phase difference (B) of principal tidal harmonics 
(M2, S2, N2, O1, K1) at validation sites S1 (circle), S2 (triangle), S3 (square), S4 (asterisk) 
(see Fig. 2.1) with three different tidal boundary conditions (Table 2.1). S-NOAA is the 
result of  modified tidal harmonics and phases of NOAA station (8441241), indicated as 
black markers; S-ADCIRC1 is the result of tidal harmonics and phases derived from 
ADCIRC model results in the Atlantic Ocean (Szpilka et al. 2016), indicated as red 
markers; S-ADCIRC2 is the result of modified tidal harmonics and phases of ADCIRC, 
indicated as blue markers. 
 
2.3.3 Sediment parameters 
 
Two main fractions of cohesive sediments are tested based on field observations, namely 
a coarse silt with grain size 32-64 µm and settling velocity of 3.6 mm s-1 and a clay 
fraction with grain size less than 32 µm with a settling velocity of 0.5 mm s-1 (Wiberg et 
al. 2015). Erosion (E) and deposition (D) of cohesive sediments in Delft3D are calculated 
with the Partheniades-Krone equations (Partheniades 1965) 
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𝐸 = 𝑀 (
𝜏
𝜏𝑒
− 1) , 𝜏 > 𝜏𝑒                                                        (2.3) 
𝐷 = 𝑤𝑠𝐶                                                        (2.4) 
Where τ is bed shear stress, 𝜏𝑒 is the critical bed shear stress for erosion, M is an empirical 
erosion parameter, and 𝑤𝑠 is the setting velocity of suspended cohesive sediments. We 
adopt the same parameters used in Delft3D simulations for the Virginia Coast Reserve, a 
similar system of intertidal bays along the Eastern Shore of Virginia  (Wiberg et al. 2015). 
𝜏𝑒 is set to 0.05 N·m
-2, M to 1×10-5 kg·m-2·s-1 and the dry bed density to 795 kg·m-3. Note 
that in this study we are not considering the possible coarser material (sand) present at 
the channel bottoms, but only the fine material that is exchanged between channels and 
salt marsh platform.   
From 1994 to 2015, water samples along the Plum Island stuary from the Parker River 
Dam to the mouth of the sound were collected within 2 hours of either high tide or low 
tide in the spring and fall seasons. The median value of 13-year suspended sediment 
concentration along the transect peaks approximately at 40 mg/L at the mouth of the 
Parker River, decreases in the sound, and reaches a lower value of 15 mg/L at the inlet. 
Generally, the concentration is higher in the spring when river discharge is high 
(Hopkinson et al. 2018). An initial suspended sediment concentration of 30 mg/l was 
released in different subdomains at different instants of the tidal cycle. The bottom 
elevation was maintained fixed during the simulations. To maintain model stability even 




2.3.4 Design of numerical simulations 
 
We release a depth-averaged suspended sediment concentration of 30 mg/l in the water 
area of the subdomains 1 to 7 (see Fig. 2.2). The suspended sediment was released at four 
different instants during a spring tidal cycle: at high water level (SH), mean water level 
during ebb (ME), low water level (SL) and mean water level during flood (MF). The 
physical parameters of the cohesive sediment were kept uniform with a settling velocity 
of 0.5 mm s-1, and a critical shear stress for erosion of 0.05 N m-2. Since in all scenarios 
the suspended sediment mass in the water column after 1 month is negligible, we only 
measured the sediment mass deposited at the bottom of the different subdomains. 
To determine the role of different intertidal geometries on sediment transport dynamics 
we choose the Rowley River as a representative marsh-dominated area and the Upper 
Sound as an intertidal area with limited marsh. We determine the distribution of deposited 
cohesive sediments after one month as a function of water depth in three landforms: salt 
marshes (elevation between 0.09 and 2m), tidal flats (elevation between 0.09 and -2m), 
and deep channels (elevation below -2). For every marsh cell, we calculate the minimum 
distance to the tidal flats/channels, as well as the averaged values of both maximum and 
mean flow velocity and inundation depth during marsh flooding. 
 




The dynamics of sediment deposition is controlled by advection of sediment and settling. 
Advection depends on the average velocity of the tidal flow U while settling depends on 
water depth h and settling velocity 𝜔𝑠. We define a sediment transport length L0 as the 
distance a sediment particle travels before depositing: 
             𝐿0 =
𝑈ℎ
𝜔𝑠
       (2.5) 
We define the non-dimensional parameter R as the ratio between the sediment transport 




                         (2.6) 
If R>1, the sediment is likely to leave the reference area, while if R<1 the sediment is 
trapped in it. The values of the dimensional scales are reported in Table 2.2 for all the 
subdomains of the estuary (Fig. 2.2b). 
Following Fagherazzi et al. (2012), we examine the deposition rate on the marsh platform 
using the advection equation: 
C = C0exp(−x/𝐿𝑚)                                                    (2.7) 
Where C is the suspended sediment concentration along a transect perpendicular to the 
marsh boundary (kg/m3), C0 is the concentration at the boundary between marsh and 
channel/tidal flat, 𝐿𝑚 = 𝑈𝑚ℎ𝑚/𝜔𝑠 is the sediment transport length on the marsh, 𝑈𝑚 and 
ℎ𝑚  are the average velocity (m/s) and water depth (m) on the marsh platform during 
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flooding, x is distance from the marsh edge (m). The deposition rate is computed as the 




= 𝐶ωsexp (−x/𝐿𝑚)                                  (2.8) 
Where D indicates deposition rate (kg/m2/s).  
Equation 2.7 and 2.8 are evaluated for the entire marsh area, computing the distance from 
the edge of each marsh point and utilizing the average value of velocity and water depth 
on the marsh platform computed with Delft3D. 
Table 2.2 Dimensional scales for the seven subdomains. Values are calculated only in 
water areas as showed in Fig. 2.2. 
Location Order h (m) L (m) ωs 
(mm/s) 
U (m/s)  L0 (m) R=L0/L 
Upper Estuary 1 1.84 3262 0.5 0.14 513.72 0.16 
Parker River 2 2.55 7836 0.5 0.24 1217.46 0.16 
Rowley 3 1.72 5727 0.5 0.19 636.81 0.11 
Ipswich 4 1.48 4441 0.5 0.20 602.21 0.14 
Upper Sound 5 2.42 3001 0.5 0.27 1297.09 0.43 
Lower Sound 6 2.95 3761 0.5 0.39 2324.25 0.62 




2.4.1 Sediment trapping capacity 
 
A dependency matrix shows the distribution of trapped sediment across the estuary (Fig. 
2.5). The diagonal elements indicate the fraction of sediment that deposits in the same 
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subdomain where it was released. The off-diagonal elements record the sediment 
deposited in a subdomain different from the one of the initial release. In the Upper Estuary, 
Parker River, Rowley River, and Ipswich River most sediments are deposited in the 
release area irrespectively of the timing of release. In the Lower Sound and Inlet domains, 
the strong tidal currents resuspend and transport the cohesive sediments to low energy 
areas. Generally, a large fraction of the sediments released in the rivers is kept in the 
estuary, with an exception of the Ipswich River because of its proximity to the inlet and 
the strong currents in the lower part of the sound.  
The differences among the four matrixes reported in Fig. 2.5 highlight the role of the 
timing of release in the sediment trapping efficiency within the estuary. The trapping 
efficiency is high in the MF case (mean water level during flood), since more sediment is 
transported landward during flood and then deposits in low energy areas. On the contrary, 
if released during ebb (ME), more sediment is flushed out of the system.  
As expected, a large fraction of the sediment is exchanged between the Upper and Lower 
Sound, and more sediment deposits in the Upper Sound when released in the Lower 
Sound during flood. The direct sediment exchange among the four marsh-dominated 
subdomains (the Upper Estuary, Parker River, Rowley River, and Ipswich River) is very 
limited and only occurs through the sound. No cohesive sediment released at the inlet 
remains there but it is either discharged to the ocean or trapped in the tidal reaches and 
marshes of the Rowley and Ipswich Rivers. Hardly any sediment released at the inlet 




Figure 2.5 Dependency matrix of sediment deposition in Plum Island Sound after 30 days. 
Values (i,j) in the table indicate the mass fraction of sediments released in region i (source) 
and captured within region j (destination). The subdomains are: 1) Upper Estuary, 2) 
Parker River, 3) Rowley River, 4) Ipswich River, 5) Upper Sound, 6) Lower Sound, 7) 
Inlet, 8) Ocean. 
 





Figure 2.6 (A) Distribution of deposition rate as a function of maximum shear stress 
during a spring tidal cycle in seven subdomains; mean curve is binned in intervals of 0.01 
Pa. (B) Distribution of maximum shear stress and deposition rate as a function of water 
depth; data are binned in intervals of 0.2 m with confidence interval of 95%. 
 
We then explore whether sediments are preferentially deposited in quiet areas 
experiencing low tidal velocities and low bottom shear stresses. High tidal flow can in 
fact resuspend sediments and move them in areas where the velocity is lower (for example 
in salt marshes and shallow tidal flats). Our results show that this is not always the case 
(Fig. 2.6A) and the sediments are prevalently deposited in areas experiencing 
intermediate bottom shear stresses. Similarly, sediments are mostly deposited at water 
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depth between 0 and 2 meters, typical of tidal flats and tidal bars and not at water depths 
above mean sea level, typical of salt marshes (Fig. 2.6B). The results of Fig. 2.6B are in 
agreements with the results of Fig. 2.6A, since tidal bars and flats experience intermediate 
bottom shear stresses, while marshes are characterized by very low shear stresses. These 
results indicate that sediment availability and sediment pathways are also important, and 
that only a small fraction of sediment is reaching the marsh platform. This is partly due 
to the fact that at time zero the sediments are not released on the marsh platform, but only 
in areas covered with water at mean sea level (tidal channels and tidal flats, the likely 
sources of sediment). Yet the fact that a small fraction of sediment reaches the marsh 
platform seems counterintuitive and it is an important result.    
Within the Rowley River area, clay (𝜔𝑠 = 0.5 mm/s) is mostly deposited in the marshes 
and tidal flats.  Deposition of coarse silt (𝜔𝑠 = 3.6 mm/s) follows the same distribution 
with a slight shift toward lower areas. In the Upper Sound, a larger fraction of both mud 
and coarse silt is transferred into deep channels with less sediment deposited on the 
marshes (Fig. 2.7). We also find that the distribution of deposited sediments is controlled 
more by the physical attributes of each area (i.e. presence of salt marshes), rather than by 




Figure 2.7 (A) Distribution of deposited sediments as a function of water depth in four 
different scenarios: clay (𝜔𝑠=0.5 mm/s) and coarse silt (𝜔𝑠=3.6 mm/s) released in the 
Rowley River and Upper Sound. (B) Distribution of area as a function of water depth for 
Rowley River and Upper Sound. Note the data are binned in intervals of 0.2 m. 
 
The distributions of deposited sediment as a function of water depth display peaks in the 
marsh area (elevations around 1.3 m) and in the tidal flats, which correspond to the larger 
area fractions showed in Fig. 2.7B. High values of bottom shear stress hinder the 
deposition of cohesive sediment in the rivers and large tidal channels. As a result, 
sediments that reach these channels are transported to either shallow areas or to the ocean. 
Sediment released in the Rowley River is deposited mostly in tidal flats and salt marshes, 
while a smaller fraction is deposited in the tidal channels or exported to the ocean (Fig. 
2.7A). In time the volume of sediments deposited on the marsh increases, collecting 
sediments resuspended in tidal flats and channels. Note that the amount of sediments 
gained by marshes is higher than the sediment lost by tidal flats, indicating that channels 
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actively feed the marsh surface. Channels also contribute to the export of sediment to the 
ocean. Overall, most sediments are deposited within hours after the release and moderate 
variations occur because of resuspension.    
Because tidal flats and deep channels have a similar area in the Upper Sound, at the 
beginning of the simulation an equal amount of mud is deposited on these two landforms 
(Fig. 2.8). Similarly to the Rowley River case, the sediment deposited in the deep 
channels decreases while it increases on the marshes and tidal flats over time, and some 
of these sediments are also exported to the ocean. In the Upper Sound, changes in the 
sediment reservoirs are larger in time, with marshes increasing the trapped sediments 
twofold and the sediments stored in the channels decreasing of 40%. We ascribe these 
larger variations to intense tidal flows that remobilize bottom sediments. Interestingly, 
the total amount of sediments stored in tidal flats increases in time. This is likely due to 
the larger extent of the flats area in the Upper Sound. Some of these tidal flats provide 
the quiet environment for permanent sediment settling. On the contrary, tidal flats are 
almost absent in the Rowley River, where tidal bars at the side and center of the river 
represent the most conspicuous landform between MSL and 2 m of depth. Because of the 
proximity to the river, the tidal flow on these bars is strong, easily remobilizing the 
deposited sediment.  
The rivers and deep channels are therefore dynamic transit areas that control sediment 
remobilization within the estuary, feeding the marshes or exporting sediment to the ocean. 
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This is particularly true for estuaries and bays characterized by the presence of large tidal 
channels, as in our study site.  
 
 
Figure 2.8 Temporal variations of deposited sediment within four different landforms (see 
legend), released in the Rowley River (a) and Upper Sound (b) with setting velocity 𝜔𝑠= 
0.5 mm/s. 
 
2.4.3 Factors controlling deposition on marshes and location of ponds 
 
The mean values of velocity and water depth on the marsh surface computed with Delft3D 
during marsh submergence are 𝑈𝑚 = 0.015 𝑚/𝑠  and  ℎ𝑚 = 0.197 𝑚 , The sediment 
transport length 𝐿𝑚 on the marsh surface (Eq. 2.7) is 5.9 m while it becomes 43.5 m using 
the maximum values of velocity and water depth (𝑈𝑚𝑎𝑥 = 0.05 m/s, ℎ𝑚𝑎𝑥 = 0.44 𝑚).  
The maximum and mean flow velocity and inundation depth during marsh flooding are 
plotted as a function of distance to the marsh edge in Fig. 2.9A and Fig. 2.9B. Both 
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maximum and mean values decay with distance with flow velocities decreasing more 
significantly (~ 4 times) than inundation depths (~ 2 times). Using the maximum flow 
velocity and inundation depth, Fig. 2.9C well captures the logarithmical decay rate of 
deposition with distance from the marsh edge; the sediment transport length on the marsh 
Lm=43.5 m agrees with the field measurements of Temmerman et al. (2003), who reported 
a length of 41.7 m (decay coefficient of -0.024 m-1). 
 
Figure 2.9 Maximum and mean values of water depth (A) and flow velocity (B) on the 
marshes during submergence as a function of distance to marsh edge; deposition rate (C) 
as a function of distance to marsh edge. The data are binned in intervals of 20 m with 




On average, ponds/pools accounts for 4.5% of marsh platform from Virginia to Maine, 
USA (Correll et al. 2018) and those present in the Plum Island marshes have expanded 
extensively in recent decades (Wilson et al. 2014). Using 3-m resolution map of tidal 
marsh cover classes by random forest classifier with 90% overall map accuracy (Correll 
et al. 2018), we calculated the distance of all ponds to the bay or closest channel for the 
entire Plum Island Sound (Fig. 2.10A). Histogram plot (Fig. 2.10B) of distances indicates 
that 40% of ponds area are located less than 50 m from channels, and 78% within a 
distance of 100 m. This is in agreement with the sediment transport length on the marsh 
Lm=43.5m and Fig. 2.9C, showing that deposition is low farther than 100 m from channels.   
 
 
Figure 2.10 Locations of ponds and channels in the Rowley River derived by remote 
sensing classification map (A); (B) histogram of distance of ponds to channels for the 





Salt marshes are fed by sediments coming from rivers, sediments resuspended from tidal 
flats in the sound, and sediments fluxes from the ocean. A length ratio R smaller than 1 
(see Table 2.1) indicates that most of the incoming cohesive sediment (𝜔𝑠 ≥ 0.5 𝑚𝑚/𝑠) 
from the Parker, Rowley and Ipswich rivers can be hardly transported into the sound and 
is trapped in the rivers subdomains. Four marsh-dominated subdomains (the Upper 
Estuary, Parker River, Rowley River, and Ipswich River) can also receive sediment from 
the sound, and sediment coming from the ocean through the inlet can only feed the 
marshes bordering the Rowley and Ipswich Rivers. The Upper Estuary and Parker River 
can hardly receive sediment from the Ocean. 
The timing between river floods, wind waves, and tidal stage affects sediment trapping. 
If the peak river discharge occurs during the flood phase of the tide, more riverine 
sediments will remain in the system. On the contrary, if the peak discharge occurs during 
ebb, more sediment will be flushed to the ocean (Fig. 2.5). Similarly, sediment 
resuspended during energetic wave events remain in the system during tidal food, but 
leave the system if the storm occurs during ebb. 
Hydrodynamics determine the trapping capacity of each subdomain. As showed in Fig. 
2.11, the trapping capacity of sediment decreases exponentially with increasing non-
dimensional parameter R in the different subdomains. Therefore minor variations of R 
trigger large variations of sediment trapping capacity in the system. In Plum Island Sound, 
the salt marshes are currently keeping pace with SLR at the expense of total marsh area 
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via edge erosion (Wilson et al. 2014; Hopkinson et al. 2018). Bay enlargement together 
with SLR increase the tidal prism, leading to higher water depths and higher tidal 
velocities within the channels, and thus increasing R. Tidal flats and channels in the bay 
will therefore trap less sediment, flushing more material to the ocean. In the long term the 
flushing effect will result in a net sediment loss for the entire system. On the other hand, 
higher water levels and velocities on the marsh platform will also allow the sediment to 
be deposited further in the marsh (Kirwan and Murray 2007; D'Alpaos et al. 2007). 
Moreover, less deposition in tidal flats and channels could be beneficial for the marshes, 
since there will be more sediment in the water column to feed them. The feedback 
between SLR and sediment trapping has therefore a twofold effect: an increase in salt 
marsh resilience in the short term but a net loss of sediment in the long term that might 
jeopardize the entire intertidal system.  If the marsh fails to keep up with SLR, large scale 
marsh die-off might occur (Morris et al. 2002; Belliard et al. 2016). Marsh drowning 
reduces tidal flow velocity in the marsh channels, and limits the amount of sediments 
transported into the marsh interior, which in turn leads to more marsh die-off 
(Temmerman et al. 2012). In this case, the trapping capacity of marsh channels will 





Figure 2.11 Relationships between sediment trapping capacity and the length ratio R (L0/L) 
of subdomains 1-7. 
 
In both marsh-dominated and marsh-limited subdomains, only a small portion of 
sediments in the water column is transported into the marsh area. One possible reason is 
that our model does not account for wind waves and storms. Mariotti et al. (2010) showed 
that a 15 m/s wind over the Virginia Coast produces bottom shear stresses comparable to 
tidal flow on tidal flats. More resuspension and longer permanence in the water column 
result in more deposition further into the marsh interior. Higher suspended sediment 
concentration within channels and in the sound (C0 in Eq. 2.7) supplies more sediments 
to the marsh platform during flooding (Lawson et al. 2007; Mariotti et al. 2010). Clearly, 
further quantitative analyses are essential to determine the effect of waves on sediment 
dynamics, although in our mesotidal study area the shear stress induced by wind waves 
is generally one order of magnitude smaller than the shear stress caused by tides 
(Fagherazzi et al. 2014). 
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Temmerman et al. (2003) empirically related sedimentation rates to time of tidal 
inundation, and distance to the nearest creek or marsh edge. However, sediment transport 
over the marsh platform is physically controlled by sediment properties and 
hydrodynamics, with the latter control less explored. Field measurements of flow within 
Spartina alterniflora canopies in North Carolina found a logarithmical decrease of mean 
velocity, total kinetic energy (TKE), and total suspended solid with distance, with 50% 
reduction of mean velocity and TKE within 5m of the marsh edge (Leonard and Croft  
2006). Our model shows a similar trend: the velocity drops by approximately 50% within 
300 m, and decreases further with distance (Fig. 2.9B). Leonard and Croft (2006) also 
measured an abrupt increase of TKE when the mean velocity decreases at the marsh edge. 
In our model the sediment entering the marsh platform is perhaps underestimated because 
we do not account for the 3D turbulence structure of the flow, neglecting the possible 
wakes forming when the flow initially interacts with the vegetation at the marsh edge. In 
fact, the data of Leonard and Croft  (2006) show that horizontal TKE dominates advection 
of sediment in the canopy, while vertical turbulence is of secondary importance 
(Horstman et al. 2013; Leonard and Croft 2006). The concentration of sediment at the 
marsh edge and the decay rate determine the spatial distribution of deposition over the 
marsh platform. Comparing the regression plot based on model results with the simplified 
equation 2.8, we see that the maximum values of water depth and velocity during flood 
well capture the sediment transport over the marshes (Fig. 2.9C). This is because the 




In Plum Island Sound, Wilson et al. (2014) attributed the increase in pond occurrence in 
recent decades to poor drainage density. Sparse channels are unable to bring sediment to 
the interior of the marsh, thus favoring pond formation and expansion. Lack of sediment 
inputs seem more important than waterlogging stress from SLR for pond dynamics 
(Wilson et al. 2014). An increase in organic matter production and deposition could 
mitigate the lack of sediment inputs to the marsh interior. However, organic matter 
accounts for only 30% of the marsh soil in Plum Island Sound (Hopkinson et al. 2018); 
thus it would be impossible to keep pace with SLR without the inorganic fraction. 
Similarly, Mariotti (2016) indicate that inorganic sediment deposition alone controls pond 
recovery using a simple numerical model. Our results are in agreement with this 
hypothesis. The low flow velocity on the marsh platform favors sediment deposition near 
the channels, to a distance of 100 m (Fig. 2.9C). Farther than that little deposition is 
present, favoring the formation of ponds, which indeed are on average 50 m away from 
channels (Fig. 2.10). We also note that finer resolution numerical models (~ 1 m) would 
be needed to capture the dynamics of narrow creeks and ditches dissecting the marsh 
surface. Ignoring these small-scale channels by using a mesh with a 20 m resolution could 
lead to an overestimation of the distance between marsh and channels.  
 
2.6 Conclusions 
Deposition of cohesive sediment within marshes not only provides nutrients for plant 
growth, but also builds land to counteract SLR. Strong friction in the vegetation canopy 
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weakens the tidal flow thus facilitating sediment deposition. Cohesive sediments are 
typically transported in tidal channels and deposited on the marsh platform during high 
slack water. The spatial pattern of sedimentation differs for different grain sizes and 
settling velocities of cohesive sediments as a function of topography and marsh geometry. 
These patterns are very complex and can be hardly understood by field measurements. In 
this manuscript, we use a numerical model that solves the shallow water equations 
coupled to a vegetation module to study the fate of cohesive sediments within a marsh-
dominated estuary. We test a series of scenarios, with different instants of sediment 
release, release in specific subdomains, and the role of sediment grain size. We determine 
how these scenarios affect the spatial distribution of sedimentation and sediment trapping 
capacity of the marshes.  
Our main results are: 
(1) Riverine sediments discharged in the bay during tidal flood will result in more 
sedimentation within the bay. Similarly, sediments mobilized by storm waves will 
be trapped in the system if the storm occurs during tidal flood, but partly exported 
to the ocean if the storm occurs during the ebb phase.  
(2) Most sediment arriving in marsh-dominated areas is trapped there irrespectively 
of the tidal phase when the sediments was discharged by rivers or resuspended. 
Direct exchange of sediments between these areas is very limited. Sediment 




(3) Trapping capacity of sediment in different intertidal subdomains decreases 
exponentially with R, the ratio between advection length and the typical spatial 
length of channels and tidal flats. Minor variations of R result in large variations 
in trapping capacity of sediment. SLR, by increasing R, could considerably reduce 
sediment deposition in the system.  
(4) Sediment deposition in the mash decreases exponentially with distance from the 
channels and marsh edge. The decay rate is a function of settling velocity and the 
maximum value of water depth and velocity on the marsh platform. 
(5) Only a fraction of the sediments is deposited in the marshes, most sediment is 
deposited in shallow tidal flats and channels areas characterized by low flow. This 
is because sediments are unable to penetrate farther inside the marshes because of 
the limited water depths and velocities on the marsh platforms.  
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 CHAPTER 3. Divergence of sediment fluxes triggered by sea level rise will 
reshape coastal bays 
The content of this chapter was published in 2020 in Geophysical Research Letters. This 
paper was co-authored by Nicoletta Leonardi, Carmine Donatelli (Department of 
Geography and Planning, University of Liverpool, UK), Sergio Fagherazzi (Department 
of Earth and Environment, Boston University). 
3.1 Introduction 
The location of coastal bays makes them vulnerable and sensitive to sea-level rise (SLR) 
(Stevenson et al. 1986). Complex interplay between rivers, tides, and waves control 
sediment fluxes in a bay and drive its long-term evolution. For instance, reduced sediment 
supply is considered as the main factor causing marsh deterioration and erosion of bay 
substrate in the Mississippi River delta (Reed 1995; Syvitski et al. 2009). Similarly, 
sediment loss has changed the morphology of the Venice Lagoon, Italy, and San Pablo 
Bay, USA, deepening tidal flats and reducing the network of tidal channels (Carniello et 
al. 2009; Jaffe et al. 2007). Predicting the morphological response of costal systems to 
SLR is crucial, because of the alarming global SLR projections with a maximum scenario 
reaching 2 m by 2100 (Ranger et al. 2013; Parris et al. 2012; Sweet et al. 2017). 
Determining whether costal bays are stable and in equilibrium under SLR requires the 
quantification of sediment fluxes, and in particular the exchange of material between 
different geomorphic units like tidal flats and salt marshes (French 2006; Duvall et al. 
2019; Lacy et al. 2019). Sediment inputs are required to accrete tidal flats and salt marshes 
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in addition to organic matter contribution, and maintain constant water depths in a period 
of accelerated SLR (Horton et al. 2018; Schuerch et al. 2019).  
Previous process-based studies showed that SLR could gradually reduce the intertidal 
area of bays and lead to severe incision, especially in deeper channels (Alizad et al. 2016; 
Elmilady et al. 2019; FitzGerald et al. 2008; Ganju and Schoellhamer 2010; Van der 
Wegen 2013; Zhou et al. 2013). In San Pablo Bay and Suisun Bay, California USA, while 
SLR may initially increase sediment retention and deposition because of reduced wave 
erosion due to an increase in water depth, limited sediment supply would eventually lead 
to erosion. While informative, process-based studies typically utilize long-term 
morphological numerical simulations whose spatial resolution is too coarse to capture 
potential differences in salt marsh and tidal flat response to SLR observed in field studies 
(Allen 2000; Cahoon et al. 2006; Kirwan et al. 2016; Redfield 1972). In order to more 
accurately predict future changes in the morphology and ecosystem functioning of coastal 
bays, future modeling efforts need to account for these different responses.  
To better understand the resilience of salt marshes to SLR, a number of studies have 
utilized coupled geomorphological/ecological models which assume a marsh accretion 
rate proportional to the inundation period, and a suspended sediment concentration (SSC) 
spatially uniform (Kirwan et al. 2010; D'Alpaos et al. 2011; Mariotti and Fagherazzi 2012; 
Belliard et al. 2016; Donatelli et al. 2018a,b). These models represent a step forward, 
however they have a limited ability to accurately predict the response to SLR since they 
neglect the complex sediment dynamics between marsh surfaces and tidal flats, and 
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devote little attention to addressing the stability of physically connected tidal flats, crucial 
for understanding the response of the coastal bay system. 
SLR affects hydrodynamic and sediment fluxes in coastal bays, ultimately determining 
the trapping capacity of sediments on tidal flats and marsh platforms and the sediment 
budget of the entire systems; yet these dynamics are not fully understood. To fill this gap, 
we use a high-resolution numerical model (Delft3D) of Plum Island Sound, MA (USA), 
a tidally and marsh dominated system. We couple a vegetation module to hydrodynamics 
and sediment transport to study the influence of different SLR scenarios on tidal flows, 
bottom erosion, resuspension of bed sediments, and trapping capacity of cohesive and 
non-cohesive sediments within the entire system. Our quantitative approach is general, 
and can be used as a template to determine the response of any coastal bay to SLR.   
 
3.2 Methods 





Figure 3.1 Total suspended solid (TSS) as a function of flow shear stress based on 
EROMES erosion experiments (Kalnejais et al. 2010) (42 ˚43ʼ 31.09ʺ N, 70 ˚ 51 ʼ 17.8ʺ 
W, July 6-7th 2011.) in the Plum Island Sound. The critical shear stress is determined by 
the TSS value of 0.05 g/kg based on the regression function. 
 








                                                          (3.1) 
𝜏𝑐𝑟 = (𝜌𝑠 − 𝜌𝑤)𝑔𝐷50𝜃𝑐𝑟                                                     (3.2) 
                               (3.3) 
𝐷∗, non-dimensional partial diameter  
𝐷50, medium grain size of sand particle 
𝜌𝑠, density of sediment (2.65 g/cm
3) 
ρ, density of water (1.025 g/cm3) 
ν, kinematic viscosity of water 
𝜏𝑐𝑟, critical bed shear stress 




We use these 3 equations to derive the critical shear stress for sand fractions (Van Rijn 
1993 and Delft3D Flow Manual), and the results are located in the range of data from 
U.S. GEOLOGICAL SURVEY Scientific Investigations Report 2008–5093 
(https://pubs.usgs.gov/sir/2008/5093/table7.html). The critical shear stress values for 
very fine sand, fine sand and medium sand are 0.15 N/m2, 0.17 N/m2 and 0.21 N/m2 
respectively. 
 
3.2.2 Generation of bed composition map 
 
The topography was obtained from a combination of Lidar-derived digital elevation 
models and GPS bathymetric measurements. The error in the elevation of the salt marshes 
was deemed acceptable (Alizad et al. 2020). Following Van der Wegen et al. (2011), 
before a full morphological run, we conducted a simulation to generate a synthetic bed 
composition based on the sediment fractions of 32 samples (see locations in Fig. 2.1). 
The averaged bed fractions of surface sediment samples divided in the subdomains 1-7 
(Fig. 2.2 and Table 3.1) were set as input of the simulation (Fig. 3.2).  
Table 3.1 Averaged bed fractions of surface sediment samples in subdomain 1-7, see Fig. 
2.2 for definition of the subdomains 
Subdomains mud Very fine sand Fine sand Medium Sand 
1,2 0.150 0.320 0.430 0.100 
3,4 0.200 0.310 0.450 0.040 
5 0.085 0.147 0.503 0.265 
6 0.073 0.148 0.438 0.341 






Figure 3.2 Initial input distributions of bed fractions of mud (A), very fine sand (B), fine 
sand (C) and medium sand (D) before running simulations for the generation of bed 
composition. 
In this simulation, the bottom was divided in an active layer with fixed thickness of 0.2 
m, an underlayer of 5 m, and a base layer of 1 m. All the layers were set with the same 
initial coarse spatial resolution of four sediment fractions: a cohesive sediment class of 
mud, three non-cohesive sediment classes of very fine sand (D50=100 µm), fine sand 
(D50=200 µm), medium sand (D50=300 µm) (Fig. 3.2 and Table 3.1, 3.2). When the 
active layer is eroded, the underlayer supplies the same amount of sediment, and the 






Table 3.2 Parameters of cohesive and non-cohesive sediments in models 
 
The sediment transport of non-cohesive sediments (sand) was based on Van Rijn (1993) 
using a reference height to separate suspended load from bed load transport. The 
suspended load transport was calculated by a depth-averaged advection-diffusion 
equation, and the bed load transport was based on the empirical sediment transport 
equation of Van Rijn (1993). We used a morphological factor (MF) of 100 to speed up 
changes in bed composition while the bed level was kept fixed. This simulation accounts 
for bed armoring and redistributes bed sediments in a more realistic way by matching 
flow bed shear stresses. The simulation was stopped after 90 days, when the absolute 
change of each fraction averaged over the sound approached zeros, indicating that the 
bottom was in dynamic equilibrium with the tidal flow (Fig. 3.3).  The final distribution 
of bed fractions is then set as the initial bottom condition for the full morphological runs 






Non-Cohesive sediment (sand) 
Erosion and deposition Partheniades (1965)  bed load & suspended 
load 
Van Rijn (1993)  
Settling velocity  0.5 mm·s-1 Median grain size D50  100, 200, 300 µm 
Erosion parameter  1x10-5 kg·m-2·s-1 Dry bed density 1600 kg·m-3 
Dry bed density 795 kg·m-3 
 
 
𝜏𝑐𝑟 for erosion  0.1 N·m




Figure 3.3 Volume fraction change of bed sediments in the upper bottom layer every 2 
hours. The data are averaged over the sound for mud, very fine sand, fine sand and 
medium sand, with morphological factor of 100.  
 
 
Figure 3.4 Results of bed composition generation: volume fractions of 4 sediment classes 





Table 3.3 Parameters of bed layers  
Bed layers 
 
Morphological factor (MF) 
Active layer  0.2 m Experiment 1 MF=0 (no bed 
updating) 
Underlayers 0.5 m * 10 layers Experiment 2 MF=1  






Long-term full morphological simulations with high spatial resolution (e.g. < 20 m) 
requires intensive computational resources. Testing sensitivity of parallel computation 
setups (nodes, cores) is essential because the optimized setup depends on mesh and time 
step in the models, as well as information exchange between different nodes/cores (Table 
3.4).  
Table 3.4 Parameters of parallel computation  
Parallel computation 
 
Mesh 710 x 410  
Spatial resolution  20 m  
Layers (2D & 3D) water depth: 1 layer, bed: multiply 
Sediments 1 cohesive and 3 non-cohesive class 
Time step (for parallel) 0.1 min 
Cluster Boston University (Massachusetts  
Green High Performance Computing Center).  
Nodes and cores 2 nodes × 28 cores (optimized) 
 Intel® Xeon® Gold 6132 Processor 
Cluster time (experiment 3) 120 hours 
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Model time  6 months × MF(50) = 25 years 
 
3.2.3 Numerical simulation scenarios 
 
Three different sets of experiments were undertaken to understand how SLR would alter 
coastal bay environments and their habitats. The series of experiments are described 
below:   
Experiment 1: Initial SSC = 30 mg/l, fixed sediment bed. These simulations allow 
sediment in the water column to settle to the bed and be resuspended. By imposing a fixed 
bed, we can investigate the fate of new material entering the system via the water column, 
and determine what proportion of material is retained by the different coastal bay 
environments under each SLR scenario. Six SLR scenarios were employed, Sea Level = 
MSL, MSL+0.1m, MSL + 0.2m, MSL + 0.3m, MSL+0.4m, and MSL+0.5m. Experiment 
1 simulations were ran for two spring neap tidal cycles (30 days).  
Experiment 2: Initial SSC = 0 mg/l, active sediment bed. In these experiments, we 
investigate resuspension, transport and fate of sediment originating from the bed under 
the six different SLR scenarios previously employed. To this end we used the sediment 
bed with variable composition detailed in the section 3.2.2. Initial SSC was set to 0 mg/l 
to ensure that all material transported can be attributed to resuspension from the sediment 
bed. For these experiments, it was assumed that the bed morphology was the same at the 
beginning of each SLR scenario. In this way, potential changes in bed morphology are 
ignored. Experiment 2 simulations ran for a single spring neap tidal cycle (15 days).  
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Experiment 3: incremental sea level, dynamic morphological response. To better mimic 
the process of a gradually increasing sea level, we conducted full long-term 
morphological simulations of 25 years applying a morphological factor (MF) of 50, with 
sea level at the ocean boundary increasing linearly by 2 cm·yr-1, for a total of 50 cm (Fig. 
3.10). The rate of SLR applied reflects high-end projections of 2 m by 2100 (Church et 
al. 2013; Parris et al. 2012; Ranger et al. 2013; Vermeer and Rahmstorf 2009). Simulation 
time was limited to 25 years since higher resolution models are typically affected by 
cumulative errors (Ranasinghe et al. 2011). We designed an extra control experiment with 
the same setup as in experiment 3 but with a fixed bed, to evaluate the potential effect of 
morphological changes on sediment remobilization and trapping within the lagoon.  
Analysis of spatial erosion and deposition patterns, tidal flow, and tidal asymmetry for 
the various simulations and SLR scenarios were undertaken to determine the physical 
mechanisms affecting sediment budgets in the whole coastal bay system and within the 
different coastal bay environments. 
 
3.3 Results 
3.3.1 Influence of SLR on sediment resuspension and trapping capacity 
 
To quantitatively evaluate sediment dynamics within the estuary, we separate the system 
into marsh platform, tidal flats (including also tidal channels, Fig. 2.2) and shelf. The first 
set of experiments show that the trapping capacity of alloctonous sediment on the marsh 
platform increases with SLR, while that in the tidal flats decreases. The total sediment 
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captured by the system decreases as sea level increases. A SLR of 0.5 m leads to 6.6% 
more sediment deposited on the marsh platform, 12.1% less sediment is trapped in the 
tidal flats, and a loss of 5.5% for the entire system (Fig. 3.5A). 
 
Figure 3.5 (A) Trapping capacity of suspended sediments on the marsh platform, tidal 
flats (including also tidal channels) and entire bay (lagoon) system (marsh + tidal flats) 
under different SLR scenarios. The trapping capacity is the percent of initially released 
sediments in the water column deposited in different parts of the system. The amount of 
resuspended sediments (B) and sediment budget within the lagoon (C) averaged in two 
spring tidal cycles for different bed compositions: mud, very find sand, fine sand and 
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medium sand for five SLR scenarios. Negative values (C) indicate sediments escaping 
the lagoon. 
For the second set of experiments, as bottom sediments are the only sediment sources for 
resuspension, we calculate the amount of each sediment class suspended in the water 
column over the sound averaged in two spring tidal cycles. Results show that more 
sediment is resuspended into the water column as sea level increases (Fig. 3.5B). A SLR 
of 0.5 m leads to 35% more mud resuspended into the water column, and an increase of 
60%, 58% and 68% for very fine sand, fine sand and medium sand respectively. Some of 
these resuspended sediments are then flushed out the bay by ebb tides. The retention 
capacity of autochthonous sediments in the system reduces of 39% for mud, and of 166%, 













3.3.2 Influence of SLR on bottom shear stresses and SSC 
 
 
Figure 3.6 Difference of maximum shear stress during flood (A) and during ebb (B) in a 
spring tide. The difference is computed between the scenario with current MSL and the 
scenario MSL+0.5 m; a positive value indicates an increase with SLR. (C) Difference in 
the maximum bottom shear stress asymmetry (flood value minus ebb value); negative 
values indicate less flood dominance. Difference of SSC for the mud fraction (see other 






Figure 3.7 Maximum bottom shear stress during flood (solid lines) and ebb (dash lines) 
in one spring tidal cycle as a function of water depth in the current MSL scenario (blue) 
and MSL+0.5m (red). Bottom shear stress is indirectly computed from the flow current 
obtained from Delft3D, we then calculate the maximum value in a spring tide from model 
outputs in 10 minutes time interval.  Note the data are binned in intervals of 0.1 m with 
confidence interval of 95%. 
 
The entire sound becomes more ebb dominant with SLR in terms of bottom shear stress 
(Fig. 3.6A, B, C and Fig.3.7); correspondingly, more bottom sediments are resuspended 
during ebb than during flood for all sediment classes (Fig. 3.6 D, E, F, Fig.3.8, Fig.3.9). 
During flood, SLR decreases SSC of mud in the Parker River and in the upper sound 
while increases SSC in the lower sound, especially in the area bordering the Rowley River 
(Fig. 3.6D). During ebb more mud is suspended in the water column in the entire sound 
and rivers (Fig. 3.6E), favoring the sediment export outside the sound. This SSC 





Figure 3.8 Suspended sediment concentration (SSC) in ebb surge in the MSL scenario for 
different bed compositions: mud (A), very find sand (D), fine sand (G) and medium sand 
(J), in the MSL+0.5 m scenario (B, E, H, K) and difference of SSC between MSL+0.5 m 
and MSL scenarios in ebb surge (C, F, I, L). Positive values in C, F, I, L plots indicate 





Figure 3.9 Suspended sediment concentration (SSC) in flood surge in the MSL scenario 
for different bed compositions: mud (A), very find sand (D), fine sand (G) and medium 
sand (J), in the MSL+0.5 m scenario (B, E, H, K) and difference of SSC between 
MSL+0.5 m and MSL scenarios in flood surge (C, F, I, L). Positive values in C, F, I, L 





3.3.3 Long-term morphological simulations under SLR 
 
 
Figure 3.10 Sediment deposition and erosion patterns for the 25 year MSL + 2 cm·yr-1 
morphological simulation (SLR scenario) compared against the 25 year MSL + 0 cm·yr-
1 morphological simulation (No SLR scenario). Change in bed thickness at the end of the 
25-year simulations (SLR scenario - No SLR scenario) where deposition indicates 
increased bed thickness (A). Change in bed thickness in zoomed area (B) and along two 
transects (a-a’, b-b’) across the marsh platform and channels (C). Difference in sediment 
deposition for four sediment size classes averaged over spring-neap tidal cycles, on the 
marsh platform (D), and inside the lagoon (E) over time (SLR scenario - No SLR 
scenario). Dash lines in (D, E) are results with a fixed bed (no morphological change).  
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After a 25-year-long morphological simulation with a 0.5 m total increase in sea level, 
intensive incision occurred in the lower sound and in the deep channels, while areas 
bordering marsh edges accreted (Fig. 3.10A, B, C). The yearly increase in sea level (2 
cm·yr-1) led to increased deposition of fine-grain sediments on the marsh, relative to 
present-day deposition (Fig. 3.10D). At the same time, the sediment budget for the entire 
system decreased, with total erosion an order of magnitude larger than deposition on the 
marsh (Fig. 3.10E). By keeping the bed fixed, the total amount of sediment exported out 
of the system after 25 years was reduced by about 50%. 
 
3.3.4 Influence of SLR on tidal asymmetry 
 
The tidal harmonics are calculated with the T_Tide toolbox (Pawlowicz et al. 2002) using 
modeled water levels of 30 days in the first set of experiments. For simplicity, we only 
considered the main constituent M2 and the overtide M4. The amplitude ratio of M4 to 
M2 indicates the extent of tidal distortion, and a water level phase of 2M2-M4 between 0̊ 





Figure 3.11 (A) Amplitude ratio M4/M2 and (B) phase difference (2M2-M4) of water 
levels in the current MSL scenario; (C) change of amplitude ratio M4/M2 between the 
MSL and the MSL+0.5m scenarios, the positive values indicate an increase of amplitude 
ratio due to the increase in MSL. 
As expected, tidal prism increases linearly with SLR, with 0.1 m of SLR increasing the 
tidal prism by 5%, which is comparable to similar results for the Virginia Coast Reserve, 
USA (Mariotti et al. 2010). A higher sea level augments tidal inundation on marshes, 
increases hydroperiod and favors more sediment deposition. Variations in tidal 
asymmetry within the sound may also affect sediment transport and the trapping capacity 
of the entire system. As sea level increases, the flood portion of the tide increases in the 
lower sound while decreases in the upper sound (Fig. 3.11). However, the change of 
M4/M2 amplitude ratio is small. Tidal asymmetry mainly affects the residual flux of fine 
suspended fractions, while a difference of maximum tidal currents during flood and ebb 







Figure 3.12 Difference of time interval with resuspension (τ > 0.1 Pa for mud fraction) 
between MSL+0.5 m and MSL scenarios in flood period (A) and ebb period (B). C and 
D plots are with τ > 0.21 Pa for the medium sand fraction. Positive values indicate 
increase of time under the MSL+0.5 m scenario.  
 
The ocean inlet, lower sound, and Parker River experience higher flow shear stresses 
during ebb when sea level increases (Fig. 3.6), while the increase of maximum shear 
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stress during the flood period is very limited (Fig. 3.7). Sediment budget depends not only 
on the magnitude of bottom shear stresses, but also on the time interval during which flow 
shear stresses exceed the critical shear stress for erosion within one tidal cycle (Fig. 3.12). 
In fact, the longer is this time period the more time the tide has to export material out of 
the system. A SLR of 0.5 m increases more than 20% the time interval with bottom shear 
stress above the critical value for mud (0.1 N/m2) and medium sand (0.21 N/m2) in areas 
near the marshes in both flood and ebb. This increases the amount of suspended sediment 
flushed out of the system. At the same time, a longer suspension time for mud (~10%) 
during flood on the marsh surface would contribute to more sediment deposition. 
 
3.4 Discussion 
Salt marshes, shallow bays, and tidal flats are inherently and physically connected 
systems. For instance, morphological changes in the bay caused by SLR may alter 
sediments availability to the salt marshes. However, most research in recent years has 
focused on the fate of salt marshes with little attention devoted to the stability of entire 
bays with respect to SLR.  
Plum Island Sound is a typical shallow bay consisting of salt marshes and tidal flats, and 
is therefore an ideal place to test the effect of SLR on sediment budgets utilizing high-
resolution (20 m) numerical simulations. Although our morphological simulations are 
limited to several decades, our results captured the variability of sediment deposition 
across the system in response to SLR. This is exemplified by the increase in sediment 
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deposition on marsh platforms and increased sediment erosion in the tidal flats within the 
shallow bay.  
SLR caused higher bottom shear stresses during ebb cycles, most prominently seen in 
deep channels and the lower sound, and an overall shift toward ebb-dominant tidal 
currents. These results are in agreement with hydrodynamic simulations in the Ria 
Formosa lagoon along the Portuguese coast (Carrasco et al. 2018), where peak-flood 
velocities on the marsh platform slightly increase tidal currents, and the main inlet 
becomes less flood dominant with SLR. In the Virginia Coast Reserve, USA, Mariotti et 
al. (2010) showed that SLR would lead to resuspension and subsequent scour of lagoon 
beds due to higher bottom shear stress during a tidal cycle. Our simulations also show 
that higher bottom shear stresses during ebb resuspend more sediments into the water 
column, favoring the export of material out of the sound, and thus reducing the sediment 
stock of the system.  
Several tidal flats are eroded because of an increase in sea level (Fig. 3.10A). A larger 
tidal prism triggered by SLR augments velocities and bottom shear stresses, resuspending 
sediment from tidal flats. A similar mechanism was also observed by Donatelli et al. 
(2018a); in their simulations the deterioration of salt marshes resulted in an increase of 
tidal prism and the erosion of tidal flats, reducing the stock of material available for long-
term marsh accretion. Our results further show that with dynamic morphological 
simulations the flux of sediment out of the bay is larger with respect to simulations using 
a fixed bed (Fig. 3.10E). This is because the erosion of intertidal flats increases the tidal 
prism, promoting further erosion. This positive feedback could remove large volumes of 
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sediment from the bay, possibly jeopardizing important sources of material for the salt 
marshes.    
Interestingly, the increase of bottom sediment flux out of the system in response to higher 
sea levels is more significant for the sand fraction than for the mud fraction. This is 
because flood currents under higher sea levels are sufficient to resuspend mud, but not 
sand, from the sound bed, transporting it onto the marsh platform where the mud deposits 
and is retained. In contrast, only ebb currents are fast enough to erode the sand and 
transport it to the ocean. Marshes therefore act as a storage area for fine sediments during 
higher sea level conditions (Fig. 3.10A). The different behavior of mud and sand fractions 
is a mechanism which may allow salt marshes to keep pace with SLR. This sorting 
process has been observed in the microtidal Great Sippewissett Marsh, MA, USA, where 
the entire mud fraction at the bottom was almost completely replaced with sand between 
1979 and 2015 (Valiela et al. 2018). In a mesotidal system in Southeastern Essex, England, 
it was observed that fine grain sediments eroded from the marsh edge are responsible for 
marsh accretion on the platform in response to SLR (Reed 1998). Sediment coarsening at 
the delta front was observed in the Yangtze Delta, China, where erosion provided 
sediments to sustain salt marshes despite increasing sea levels and reduced riverine 
sediment loads in the last half century (Yang et al. 2018; Yang et al. 2020).  
While the results of this study are based on only one bay, the key conclusions are of 
general validity: an increase in water level favors sediment storage in salt marshes if 
sediment is available, while an increase in tidal prism and related tidal currents triggers 
erosion of bottom sediments in tidal flats and channels. The erosion of bay beds may 
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affect both ecosystem functioning and geomorphic stability. Increased water depth and 
SSC in the bay can affect light availability, and therefore benthic primary production and 
the growth of submerged aquatic vegetation (Lawson et al. 2007). The increased tidal 
inundation would also decrease the periods during which tidal flats are subaerial, 
threatening habitats for birds and shellfish (Field et al. 2017). Because of SLR, wind 
waves might lead to more erosion at marsh edges. First because increased water depths 
reduce wave energy dissipation within the bay (Mariotti et al. 2010; Li et al. 2019); 
second the bimodal geomorphic change explored herein would increase the height of the 
marsh scarp, making it more vulnerable to wave attack (Koppel et al. 2004).  
The lack of information on inner-shelf bottom data and the absence of processes that 
resuspend these sediments and transport them in the sound is a limit of our study. Without 
accounting for the sediment import from the ocean, we cannot close the sediment budget 
for the entire system (Hopkinson et al. 2018).  In many systems (e.g. Virginia, USA and 
island of Sylt, Germany), it was found that intense storms can resuspend sediments along 
the shelf and transport them to shallow bays and salt marshes (Castagno et al. 2018; 
Schuerch et al. 2012; Lacy et al. 2019).  The Labrador Current, Warm Core Rings and 
the Gulf Stream can also affect the along shelf transport and therefore the marine fluxes 
of sediment in Plum Island Sound (Townsend et al. 2015; Zhang et al. 2016). Future 
research should evaluate the contribution of waves and shelf currents to sediment budgets 
under SLR. 
Only high-spatial-resolution numerical models (tens of meters) can capture sediment 
dynamics between tidal flats, tidal creeks and marsh platforms (Table 3.4). Many salt 
121 
 
marsh modelling studies assume that the morphology does not change, while process-
based morphological models in real systems (e.g., Western Scheldt, Suisun Bay, San 
Pablo Bay, Yangtze Estuary) are generally too coarse to capture dynamics between 
marshes, tidal flats, and tidal channels (Dam et al. 2016; Ganju and Schoellhamer 2010; 
Elmilady et al. 2019; Zhou et al. 2013). Under SLR, the increased tidal prism can erode 
tidal flats, intensify ebb tidal flows, and further decrease sediment stocks. Ignoring these 
feedbacks caused by morphological changes in salt marsh models would lead to an 
overestimation of sediment trapping in bay systems. 
3.5 Conclusion 
SLR can directly affect hydrodynamics, sediment transport and morphological stability 
of coastal bays. Tidal flats and salt marshes behave differently in terms of sediment 
budget and trapping capacity after an increase in sea level. SLR facilitates sediment 
deposition on the marsh platform    due to an increase in inundation depth and hydroperiod. 
On the other hand, SLR enhances erosion of tidal flats and tidal channels via ebb-
dominated currents and reduces the sediment-trapping capacity of bay bottoms, leading 
to a negative sediment budget for the entire system. Our results therefore indicate that 
landforms lower in the tidal frame are more affected by SLR, and will experience more 
change in the future. With a worldwide decrease in riverine sediment loads caused by 
anthropogenic perturbations, a net export of sediment from coastal bays triggered by SLR 
will further compromise the coastline morphology. SLR is likely to reshape coastal bays 
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